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Neutron inelastic scattering experiments have measured 
the spin-wave dispersion relations in an ordered (Pd 3Fe) 
and a disordered (Pd 0.75Ni025) transition metal alloy. 
In Pd3Fe, at 4.4 K, the dispersion relation is isotropic 
and quadratic up to a frequency of '6 Thz in the three 
principal symmetry directions. At higher frequencies the 
dispersion relation is highly anisotropic. In the o 0 11 
and 	1 1 oJ directions the spin-waves develop an intrinsic 
linewidth near the Brillouin zone boundary. Furthermore, 
in the [0'0 13 direction the dispersion relation reaches a 
maximum at a frequency of '9 Thz, turns over and crosses 
the zone boundary at 	7 Thz. This behaviour is not observed 
in either the f1 1 1J or the 	l 1 oJ directions. The 
scattering is qualitatively in agreement with the predictions 
of the itinerant electron model and the appearance of intrinsic 
linewidths at low temperature is taken as evidence for the 
presence of an interaction between the spin-waves and the 
Stoner modes. Limited measurements at temperatures up to 
296 K. show no qualitative differences from the low temperature 
results apart from the development of intrinsic widths at 
relatively small wavevectors. 
In Pd 0.75Ni025 the spin-wave dispersion relation has 
been measured up - to a frequency of 13 Thz in the CO  013 
direction and 8 Thz in the. Ii 1 1] direction. The most 
interesting feature of the results is that the spin-wave 
- 	 0 
stiffness is surprisingly large (77.5 Thz-A 2 ) compared with 
0 
	
the stiffness in pure Ni (134 Thz-A 2 ). 	Very large intrinsic 
linewidths are observed at frequencies greater than 5 Thz. 
Neutron inelastic scattering measurements have been 
made of the superfluid 4 H 'tone-phonon" dispersion relation 
o-1 
	
0at wavevector transfers between 2.7 A and 3.5 A . These 
measurements were made at 1.1 K and at pressures up to 24.3 
atm. At elevated pressures it was found that the "one-
phonon" frequency exceeded 2A, the value predicted by 
Pitaevskii, where A is the frequency of the excitation at 
the roton minimum. It is suggested that this discrepancy 
arises from the neglect of repulsive roton-roton inter-
actions in the Pitaevskii model. The magnitude of these 
interactions is estimated from the measurements and com-
pared with the values predicted by the Jackson-Feenberg• 
4 theory of liquid He. 
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The present work is concerned with the frequency-
wavevector dispersion relations of certain fundamental 
excitations which exist in solids and liquids. In general, 
such studies are important to the understanding of the 
nature and magnitude of the microscopic interactions which 
control the properties of these systems. Chapter 2 pre-
sents a study of the dispersion relation of spin-waves in 
the ferromagnetic transition metal alloy Pd3 Fe. 	The 
purpose of the experiment was to determine whether mag-
netism in such materials is due to electrons localised 
at each lattice site, or whether it is due to electrons 
which are shared by all the atoms in the crystal. This 
study is continued in Chapter 3 which describes work per-
formed on the spin-wave dispersion relation of a disordered 
transition metal alloy Pd 0.75Ni025. In Chapter 4 the 
shape of the dispersion relation of the well defined ex-
citations which propagate in superfluid "He is used to 
obtain estimates of the magnitude and sign of oton-roton 
interactions (Section 4.1). The investigations described 
above were carried out using neutron inelastic scattering 
techniques and the present chapter is therefore devoted 
to this subject. Section 1.2 discusses the interaction 
of thermal neutrons with both nuclei and electrons, and 
-2- 
presents some of the scattering cross-sections needed for 
the present studies. Since all the experimental work was 
performed on Triple Axis Crystal Spectrometers, Section 
1.3 describes the use of an instrument of this type. 
Thermal neutrons simultaneously have frequencies 
(energy/h) and. wavevectors (2ir/wavelength) of the same 
order of magnitude as those of some of the most important - 
excitations in solids. Consequently, they provide a unique 
• 	tool for the study of the dispersion relations of such ex- 
citations over a wide range of energies and wavevectors. 
They are uncharged and thus can penetrate deeply into most 
• 
	
	materials, and because they have a magnetic moment they 
can be used as a probe to detect both nuclear and magnetic 
excitations. 
The neutrons used for the present studies were obtained 
from a nuclear fission reactor. After being moderated to 
thermal energies by the source, the energy distribution of 
the neutrons is roughly Maxwellian with the peak occurring 
at an energy equal to kBT. 	kB is the Boltzmann constant 
and • T is a temperature determined, among other things, by 
the energies of the neutrons incident on the source and by 
the temperature of the source itself. • For a typical thermal 
neutron source this peak will occur at a frequency of about 
12 Thz. Since the excitation frequencies in solids cover a 
wide range, any specific experiment may be simplified by 
using neutrons with frequencies higher or lower than those 
of thermal neutrons. This can be accomplished by heating 
or cooling the source respectively. Part of the present 
-3- 
work (Chapter 2, Pd 3 Fe at frequencies > 12 Thz) was 
performed on the 'hot source' at the I.L.L. High Flux Reactor, 
Grenoble.' This consists of a graphite block heated to a 
temperature of ".' 2000 K by the y-ray flux inside the re-
actor. 
1.2 	Neutron Scattering Cross-Sections 
Since neutron scattering cross-sections have been dis-
cussed in many excellent books and reviews, only a brief 
summary of the most relevant results will be given here. 
The notation and development ,is' based on that used by 
Marshall and Lovesey (1971). The treatment will be for un-
polarised neutrons and one atom per unit cell, but this can 
easily be generalised in most cases. 
The partial differential scattering cross-section for 
a process in which the incident neutron changes its wave-
vector from k0 (27r/A0). to k' and its spin state from a 
to a', while the target changes its quantum state from m 
to n and its energy from. Em to E, is given by 
2 





d1dE' 	k0'2ir1i mna a' 
+ Em - E) 	 (1.1) 
In this expression m  is the neutron mass; P. is 
the occurrence probability of target system states; 
hv ='E0 - E' = hv0 - hv' where E0 , E', v0 and v' are 
-4- 
the initial and final neutron energies and frequencies res-
pectively; 	V is the interaction potential; and 	'- 0 
d2dE' 
is the intensity of the scattering into a solid angle 
dIl and an energy interval dE', for unit incident flux. 
This formula has been derived within the first Born approxi-
mation (e.g. Merzbacher, 1970). 
1.2.1 	Nuclear Scattering 
Since the range of nuclear forces is very much smaller 
than the wavelength of thermal neutrons, the nuclear 
scattering by a single nucleus is isotropic. Within the 
first. Born approximation the scattering is the same as that 
given by a ô function potential, specifically 
V(r) 	= 	2irh2 	b9 6( - 	9) 	 (1.2) 
Ry is the position vector of the Zth nucleus and bt is 
its scattering length. This depends on the isotope and the 
spins on the neutron and the nucleus. Deviations from the 
average, value, i, are randomly distributed throughout 'the 
crystal. The cross-section can now be split into two parts. 
The first of these arises from the scattering at atoms P.. 
and 2' and contains a phase factor of the form 
exp(i Q.(R2 - R2 1 )), where Q = 	- k' . 	It depends on 
and since it can give rise to interference effects it is 
-5-- 
called the coherent scattering. The other term arises from 
scattering involving only one atom and does not result in 
interference effects. It is known asthe incoherent 
scattering and is proportional to 	- 2• Since the 
present work is concerned only with coherent scattering, 
no further mention will be made of the incoherent contri-
bution to the cross-section. For a system containing N 
nuclei, substitution of Equation 1.2 into Equation 1.1 
gives the coherent scattering cross-section as 
d 2 ci 	k' 
= 	 2 S(Q,v) 	 (1.3) 
where 
S(Q,v) = E Pm <mj exp(-iQ.R ,.) Iri><nIz exp(IQ. Rt)!m > 
m 	 ks 
x S(hv + Em - En ) 
	
(1.4) 
and Q = 	- k' is the wavevector transfer of the experi- 
ment. This definition of Q will be used throughout the 
present work. The S function expresses conservation of 
energy in the scattering process and in its integral repre-
sentation it can beused to write S(Q,v) as the Fourier 
transform of a particle density correlation function, namely 
co 
S(Q,) = 2 
	Jat exp(-i2vt)<p Q (0) p 	(t)> (1.5) 
where 	PQ (t) = 	exp(-i Q.R(t)) 
S 
and <.> 	p<nI .... Jn> 	denotes the thermal 
average when p is given by the Boltzmann distribution. 
This type of result was first derived by Van Hove (1954). 
1.2.1A Scattering by phonons 
The present work is not concerned with phonons in 
crystal lattices and, consequently, only a brief mention 
of the most relevant result will be made. To determine-
the cross-section for the creation and annihilation of 
phonons in regular lattices the exponentials in the ex-
pression for S(Q,) (Equation 1.4) are expanded in terms 
of the displacement, u, of the 2,th nucleUs about its 
equilibrium position. The first term gives elastic scatter- 
ing and the second gives -'one-phonon scattering. The third 
and higher order terms, which represent two'-phonon , three-
phonon etc. processes, are conventionally grouped together 
and called the multiphonon scattering. This is, in general, 
of a much less well defined nature than the elastic scatter-
ing or the one-phonon scattering. Since the coherent in-
elastic one-phonon process is most liable to be confused. 
with spin-wave scattering, which is the subject of the 
largest part of the present work, it is worthwhile.briefly 
considering the salient features. Two ó functions in the 
cross-section express conservation of energy and momentum 
and imply that the dispersion relation is directly measurable 
in terms of the frequency and wavevector transfers of the 
-7- 
neut,ion. There is a term which contains the scalar product 
of Q and the phonon eigenvector (e.g. Cochran and Cowley, 
1967) and therefore transverse and longitudinal phonons have 
their maximum intensity when measurements are made with Q 
perpendicular to a and Q parallel' to a respectively.' 
q is the phonon wavevector. This term is also proportional 
to Q 2 indicating that 'the strength of the scattering - in-
creases with neutron wavevector transfer. There is also a 
term in the cross-section which arises from the thermal 
motion of the nuclei about their equilibrium positions. 
This is known as the Debye-Waller factor and is given by 
exp(,-2W(Q)) where W(Q) = (Q.tJ2)2. 	It decreases with' 
increasing Q and acts in part to counterbalance the Q 2 
term. 	 ' 
1.2.2' 'Neutron Scattering from 'Ferromagnets 
The interaction potential between a neutron and an 
electron is of the form 
V 	= 	-N • -e 	 - 	(1.6) 
where 'N  is the neutron magnetic moment and 	' is the 
magnetic field of the electron. This arises in part from 
its own magnetic moment and in part from its translational 
motion (both orbital and vibrational). Substitution of 
Equation (1.6) into Equation (1.1) gives four terms which 
correspond to elastic and inelastic magnetic scattering, 
scattering elastic in the spin system but inelastic in the 
phonon system (magnetovibrational scattering), and scatter-
ing which is inelastic in both. The magnetovibrational 
scattering is a type of nuclear inelastic scattering which 
is therefore not relevant to the present work and the 
fourth term is generally negligible. In the treatment 
which follows, the effects of electron orbital angular 
momentum and vibrational motion will largely be ignored 
and only systems containing one atom per unit cell will be 
considered. 
The neglect of electron orbital angular momentum is 
probably justifiable for the pure 3d transition metals 
such as Fe or Ni. In these materials it is quenched by 
crystal field effects and the small departures of g (the 
electron gyromagnetic ratio; e.g. Woodgate, 1970) from the 
free electron value of 2 are due to the spin-orbit inter-
action. In pure Ni g " 2.2 which shows that only about 
10% of the total angular momentum comes from the orbital 
component. The assumption is not so justifiable when Fe 
or Ni is alloyed with a 4d transition metal such as Pd. 
In general, however, the scattering cross-section arising 
from interaction between the neutron and the orbital com-
ponent of electron angular momentum is very complicated 
and it will only be mentioned briefly in the present work. 
1.2.2A 	Localised Electron Systems 
Ferromagnetism, on a localised model, is the result 
of a number of unpaired electrons on each magnetic atom 
and is describable by an electron wavefunction which is 
localised about each lattice site. In this model, with 
only the interaction between the neutron magnetic moment 
and the electron spin magnetic moment included, the 
partial differential cross-section for elastic and in-
elatic magnetic scattering is given by 
2 
dQdE' = (mec2) (gF(Q))2 




	at exp(-i2irvt)< 	(0) S S Q L (t)> ;(l.8) 
 E exp(-iQ.R)s and 	is the total electron 
spin at the 2,th site; 
Q 
= X,y,z 	; 	Q =Q 
-r is the neutron gyrornagnetic ratio = 1.91; me is the 
electron rest mass; c is the speed of light in vacuo 
and F (Q) = 	Jar exp (iQ.r) s (r) 	where s (r) is the 
normalised uncompensated spin density associated with the 
magnetic atom. This can be expressed in terms of the 
localised electron wavefunctions. 
_10- 
For  Q small compared with the mean radius of the 
electron orbit (dipole approximation), the orbital angular 
momentum of the magnetic electron is relatively easy to 
include in the above expression. F(Q) must be modified 
and,if the orbital angular momentum is relatively large 
(as in the rare earth metals),the spin operator S 	can 
be replaced by the total angular momentum operator J , . 
Calculations (Blume, 1961) show that in Ni2+ only a 
4% contribution to the form factor arises from orbital 
angular momentum. More detailed results can be found in 
Lovesey and Rimmer (1969), and Hebborn and March (1970). 
That part of the vibrational •motion of the electron which 
arises, from nuclear motion can be included in Equation 
(1.7) by multiplying through by the Debye-Waller factor. 
In an analogous manner to the case of nuclear scattering 
(Equation 1.3 ),' it is seen that the cross-section is 
expressible in terms of a dynamic correlation function 
between electron spins. The magnetic form factor occurs 
in Equation (1.7) because the electron wavefunctions, 
although localised about each atom, are sufficiently ex-
tended in space that 'they cannot, be considered fixed at 
each nuclear site. 
Considerable simplification is possible if the total 
Z component of spin is a constant of motion. All the 
cross terms in the correlation function of Equation (1.8) 
disappear and the cross-section can be divided into two parts. 
One involves only the <SX SX> (= <Y SY>) terms and is 
called the transverse component, and the other involves 
only the <SZ Sz> term and is called the longitudinal 
component. The magnetisation axis has arbitrarily been 
taken to be the z direction. 'In terms of the operators 
S= S + i S 	and S = S - i S 	, the magnetic 
response to a spatially and temporally varying external 
field is described by the response functions 
q(t) 	= 	((t)) 	
= 	(g)2 	."<[s(t), S(0)i> 





and generalised susceptibility 
Co 
X A 	f dt exp(i27rvt)(t) 	(A = +,' -, 0) (1.10) 
0 
In these expressions [x, YJ =' (XY - YX). Since S 
has the periodicity of the lattice, 	has the periodiôity 
of the reciprocal lattice (e.g. Kittel, 1971) and so also 
has xA(, v). Making the substitution q = Q - T, where 
occurs in the first Brillouin Zone and T is a re-
ciprocal lattice vector, leads to 
A 	 A 
X (Q, V) 	= 	x (,v) 	 (1.11) 
-12- 
The transverse component of the partial differential cross-
section can then be written as 
N 	exp(hv/kBT) 	 -. 
dldE' = A(k0,k') 4 (9p) 2 exp (hv/kBT) 
(Im[X (2 v)j 
- Im[X(-Q, -v)]) 	 (1.12) 
with 
A(k01 k') 	( : ) 2 	F(Q)) 2 	(1 + ( QZ)2) 
M 
	. 
k  is the Boltzmann constant and T is the temperature 
of the system. The reasons for ignoring the longitudinal 
cross-section in Equation (1.12) will be clarified in 
Sections , 1.2.2B and 1.2.2D. 
1.2.2B 	Spin-Wave Scattering (Localised Model) 
The Heisenberg Hamiltonian for a ferromagnetic system 
with an external magnetic field, HZ,  applied in the z 
direction is 





where J(R - RV) is the exchange integral (Van Vieck, 
1932; Mattis, 1965). Equation (1.13) can be linearised 
by making the approximation S (t) = S (0) = S where S 
-13- 
is the saturation value of the spin angular momentum. 
Using the commutation relations for the components of S 
[s ,S5] = i cS2, S 	and cyclically, 	(1.14) 
the excitation energy-for a spin-wave of wavevector a 
is given by 
hv(a) = gi3 HZ + 2S(J(0) - 	 (115) 
where 
J() 	= 	E 	- R. ,)exp( - ia. (RQ, - 	,)) 	(1.16) 
For small a and considering only the effects of the ex-
change interaction, J, between nearest neighbour atoms, 
one finds that Equation (1.13) reduces to 
h(q) 	=g1l
HZ + Dq 2 . 	 ( 1.17). 
D is called the spin-wave stiffness and for a cubic lattice 
it is equal to 2JSa 2 where a is the dimension of the 
unit cell. This quadratic behaviour of the spin-wave dis-
persion relation at small q is characteristic of most 
ferromagnetic materials. Introducing spin-wave interactions 
to the model described above (Dyson, 1956) gives the tempera-
ture dependence of the spin-wave stiffness to be of the 
form 
512 D(T) 	= 	D0 - D T 	. . 	. 	(1.18) 
-14- 
where D0 is the value of D at T = 0-K. This type of 
temperature dependence will be discussed later in connection 
with the itinerant electron model of ferromagnetism. 
Within the linear approximation S z is a constant of 
motion and, as described in last section, it is necessary to 
calculate only the longitudinal and transverse contributions 
to the cross-section. In addition, the longitudinal term 
gives only elastic scattering and thus from Equations 1.9, 
1.10, 1.14 and 1.12 the cross-section for the: creation and 
annihilation of a spin-wave is 
= A(k0 ,k')(2i). 3 	E 	(r 	± ½± ½)o(hv(a) 	hv) 
x cS (Q 	a - 
	 (1.19) 
In this expression V is the volume of the sample and 




function. This shows that the magnon (the quantised spin- 
d2+ 	 d 2 
wave) is a boson. 	dQdE' and 	dadE' 	
arise from processes 
in which a magnon is created or destroyed respectively. 
Since n -*. 0 as T -+ 0 K, it is obvious that only neutron 
energy loss experiments (k0 '> k') will detect the spin .-' 
wave at low temperatures. The orientation factor (1 ± (cf)2) 
has the value 2 in an external magnetic field applied parallel to 
'Q and the value I when the field is perpendicular to Q. 
Since nuclear scattering is independent of external magnetic 
fields, this factor can be used to distinguish between nuclear 
-15- 
and magnetic scattering. 	F(Q) decreases with increasing 
Q and therefore experiments to determine spin-wave frequencies 
are best performed with the smallest Q possible. Another 
point of difference between neutron scattering from magnons 
and phonons is that the magnon cross-section is independent 
of the orientation of. q. with respect to Q. 	On the other 
hand, both one-magnon and one-phonon cross-sections show the 
6 function conservation of energy and momentum conditions 
and therefore similar neutron techniques can be used to 
measure each. 
1.2.2C 	Itinerant Electron Systems 
In the following description the simplification will be 
made that there is only one narrow electron band and that 
the neutron—electron interaction .is a purely spin-spin 
interaction. Electrons. which are not localised at any par- 
ticular lattice site, but which exist in :a periodic potential, 
can be described by the Bloch wavefunctions 
Pk(r) 	= 	exp(i k.r)Uk(r) 
	
(1.20) 
where tik(r) has the periodicity of the potential and k 
is a general electron wavevector. This condition on Uk(r) 
can be fulfilled by.considering the Bloch wavefuncti.ons to 
be combinations of tight binding wavefunctions centred at 
each lattice site. A particularly useful set of wavefunctions 
are the Wannier (1937) wavefunctions, 	, which are defined, 
for one electron band, by the relation 
-16- 
= E exp( i k.R)4(r - R) . 	 (1.21) 
Provided overlap between Wannier functions on adjacent sites 
can be ignored, then the analysis described in Section 
1.2.2A for localised systems can also be applied to the 
present case. This results in the same expression for the 
transverse component. of the scattering cross-section 
(Equation (1.12)), with the exception that F(Q) and the 
spin operators S(t) in the correlation functions are re-
defined as follows; 
F(Q) 	= . f dr exp (i Q.r) I! 2 	 (1.22) 
sZ(t)= 	½ 	(C+(t)Ck++(t) - C+(t)C 	+(t) 
s(t) 	= 	E C+(t) Ck4(t) 	 (1.23) 
s(t) 	= 	E C(t) Ck+(t) 
Here, in the notation of second quantisation (e.g. Kittel, 
+ 
1963) C k CY 	and Ckc 	are operators which respectively 
create and destroy electrons in the Bloch state with wave-
vector k and spin a. 	These operators obey fermion anti- 
commutation relations and c is limited to the values + or +. 
A simple model of this splitting of one band into an upspin 
and a downspin band with different populations is described 
in the next section. The expressions for the spin components 
listed in Equation (1.23) are analogous to those of the 
localised model. 
-17- 
1.2.2D 	Spin-Wave Scattering (Itinerant electron model) 
A simple model of ferromagnetism in non-localised elec-
tron systems is provided by the Hubbard Hamiltonian 
(Hubbard 1963, 1964). This is an extension of the earlier 
molecular field models proposed by Slater (1936) and Stoner 
(1938, 1946). It is discussed more fully in Chapter 2 and 
the present section is intended as an introduction to the 
formalism. For one electron band containing both upspin and 
downspin particles, the Hamiltonian can be expressed in terms 
of creation and annihilation operators for electrons on 
Wannier sites as 
H 	= 	T(R - Et, )c 	C,Içy +to 2c 	 9.a 	La 2.-a 
where T(R.- R2.1) =  fdr*(r - R2.){— + V(r)}(r - R) (1.24) 
Is the electron momentum; V(r) is the periodic potential 
arising from interactions between the ion cores and the band 
electrons; and n 	is the number operator for electrons on to 
the £.th Wannier site and is defined by the relation 
n
2, 	
= 	C+ C 
a 2.a 	2.a (1.25) 
The first term on the right hand side of Equation (1.24) can 
always be diagonalised to give an energy Ek. 	The second 
term is the Coulomb repulsioribetween the band electrons for 
the case where only intra-atomic interaction is important. 
This interaction is assumed constant and represented by the 
parameter I. Within. the Hartre-Fock aproximat1or 
• n 	n 	= fl 	<n 	> + n 	<n > - <n ><n 	> 
a 2,-a 	2..a 2.-a 	2.-a 	'2.a 	2.a 	2,-a 
(1.26) 
the Hubbard Hamiltonian splits the band into an upspin and 
a downspin band of non-interacting electrons with spin de-
pendent energies. These are given by 
Ek 	= 	Ek + I N_0 ---	• 	 (1.27) 
where E k  + and E 	 are the energies of the upspin and 
the downpin bands after they have been split by the intra-
atomic Coulomb potential, and N. is the total number of 
electrons with spin a. 	The energy difference between the 
bands can then be written as 
= 	(N+ - N+) 	 (1.28) 
where uB(N4' - N+)/N is the magnetic moment/atom. The 
addition of a spatially and temporally varying magnetic field 
to the Hubbard Hamiltonian allows the susceptibility to be 
calculated. Within the Hartree-Fock approximation this gives 
the unenhanced or non-interacting transverse susceptibility, 
+ 
Xnon (9 
• (p) 2 	<n 	> - 
- 	N 
Ek+Ek+ Ls +hv+i5 
(1.29) 
In this expression 6 is a small positive constant which 
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- 0 and <n k >, in the free electron case, can be replaced 
by the Fermi-Dirac distribution function. The Hartree-Fock 
approximation, however, does not lead to spin-waves since 
it neglects terms which represent electron transitions from 
one band to the other (e.g. <C 	C2,4 >.0 	C 	). Thekf 
second term in equation (1.24) is a product of four fermion 
operators and a much better approximation to it is obtained 
by retaining only those combinations in which one electron 
starts and finishes with the same wavevector and spin. This 
is known as the Random PhaseApproximation (R.P.A.) and it 
leads to the enhanced transverse susceptibility, 
+ x 0 (v) 
X. (,v) 	= 	 . 	 (1.30) 
1 - (g) Z x 0 (v) 
The longitudinal interacting susceptibility does not give 
rise to spin-waves and therefore is not directly relevant 
to the present work. It is o1 importance in. considering 
paramagnetic and critical scattering and a detailed study 
has been performed by Doniach (1967). 
The unenhanced susceptibility gives rise to a band of 
single particle excitations which result from an electron 
below the Fermi level in one spin band being excited into 
a vacant state in the other spin band. These are called 
the Stoner modes (see Figure 2.1) and they are discussed 
in more detail in the Introduction to Chapter 2. In addition 
to the Stoner modes, the enhanced susceptibility also gives 
rise to collective excitations of the spin system (spin-
waves) via the pole equation of (1.30) 
-20- 
=Re[Xnon  (qiv)]'  I 
Since Im[on]  is non-zero only within the Stoner band, 
this fact can be used in conjunction with Equation (1.31) 
to derive an approximate expression for the spin-wave con-
tribution to x+(, v ). 	Then use of Equations (1.11) and 
(1.12) gives the'partial differential cross-sectionfor the 
creation or annihilation of a. spin-wave as 




 o(Q;a 	 (1.32) 
The 	.r facto 	F(Q) occurring in A(k 0 , k') is now defined in 
terms, of tight binding wavefunctions (Equation (1.22)) and 
g takes the free electron value 2. 	Since 	is equal to 
the ferromagnetic moment of the system (i.e. 2S in the 
localised model), comparison between Equations (1.19) and 
(1.32) shows that these formulae.are identical within the 
definitions of each model. 'This result, for the simplified 
model described above, was first shown by Izuyama et al. 
(1963). Since the Stoner band encompasses a range of wave-
vectors for each energy, the scattering from it is, of ne- 
cessity, less well defined. When the spin-wave interacts with 
the Stoner modes, it will show a reduction in intensity and 
will eventually disappear. This is expected to be the most 
observable effect of the Stoner excitations. 
The temperature dependence of the spin-wave stiffness 
is similar to that of the localised model (Equation (1.18)). 
r-21-' 
There is, however, an additional T 2 term which arises from 
interaction between the spin-waves and thermally excited 
itinerant electrons (Izuyama and Kubo 1964, Mathon and 
Wohlfarth 1968). The overall dependence at low temperatures 
is of the form 
D 	= 	D0 - D 1  T 2 
- D T 5 / 2 	. 	. 	( 1.33) 
A detailed study of the spin-wave stiffness of Fe and Ni 
as a function of temperature has been undertaken by String-
fellow (1968).. This seems to confirm that the T 2 term is 
important and therefore adds weight to the supposition that 
these materials are itinerant in character. 
Figure 1.1 
A schematic diagram of a Triple Axis 
Crystal Spectrometer (T.A.C.S.). 
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1.3 	Experimental Neutron Scattering 
1.3.1 	The Triple Axis Crystal Spectrometer (T.A.C.S.) 
All of the present work was performed on a Triple Axis 
Crystal Spectrometer (Brockhouse 1961) and since neutron 
scattering using such an instrument has been described in 
many good reviews (e.g. Iyengar, 1965; Brockhouse, 1966; 
Dolling, 1974), only . a brief summary will be given here. 
Figure 1.1 shows a schematic diagram of a T.A.C.S. A beam 
of thermal neutrons from the source is incident on a single 
crystal monochromator (X1 ) which Bragg reflects a narrow 
distribution of neutron frequencies, peaked at v 0 I through 
the angle 20m  and onto the specimen. The wavevector at 
the peak of this relatively well defined distribution, , 
is determined in magnitude by v0 and in direction by 20. 
M 
After being scattered by. the specimen (orientation angle 
neutrons at a particular scattering angle 	are Bragg re- 
flected by a single crystal analyser (X 2 ) which specifies 
the final frequency v' and, together with the scattering 
angle 	, the final wavevector M. The neutrons are then 
counted in the detector which is most commonly either a 
10 BF 3  detector (neutron - o. particle) or a 3IHe detector 
(neutron -' proton). These and other types of neutron counter 
are discussed by Cocking and Webb (1965). Collimators 
C1 - C4 are used to control the angular divergence of the 
neutron beam as it passes through the instrument. The col-
limators are generally tubes with a square cross-section in 
which thin cadmium plated steel sheets may be placed at 
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regular intervals. These sheets are inserted vertically and' parallel to 
the neutron beam and therefore determine an acceptance angle 
along the beam. 	The angles 20 	, 	and 20a  are all 
variable in most instruments and therefore .allow the selection 
, v' and k' . With the exception of IN1 at the' 
I.L.L. Grenoble *(Chapter 2), all the T.A.C.S's used in the 
present work are designed so that when the monochromator angle 
changes by an amount AO M with respect to the incident beam, 
the shielding drum situated around the monochromator rotates 
by an amount 2A8 	 and takes with it' the sample'and the 
analyser assembly. This ensures that at all values of 20 
Bragg reflected neutrons are incident on the specimen. INl 
• has a slightly different arrangement in which the monochromator 
crystal simultaneously rotates and translates as the energy 
is varied. • In this design there is no need to move the 
sample as 20m  changes. 
Monochromators and analysers must have a high reflec-
tivity for thermal neutrons, a low extinction (e.,g. Bacon, 
1962), and a mosaic spread of about 
10
for normal experi-
ments. Typical crystals used are Cu, Al, Si, Ge and pyro-
lytic graphite. 
A monitor counter (M2 ) placed in 'front of the specimen, 
and therefore measuring the neutron flux on it, is the usual 
way of determining the period of time over which the detector 
counts. There are also other advantages (see Section 1.3.2). 
The crystal plane under study is that plane which con-
tains the vectors k 	 and k' . Assuming that the excitation 
can be described by the relation V = v (s), there will be a 
Figure 1.2 
Typical reciprocal space diagrams for a neutron inelastic 
scattering experiment using a T.A.C.S. (Figure 1.1). Both 
longitudinal and transverse positions are illustrated. The 
dots, specified by the Miller indices(h:.k I), represent points 
in the reciprocal lattice of the crystal (e.g.. Kittel, 1971). 
The diagram has been drawn for processes in which the neutron 
loses energy. (k > k'). 
LONGITUDINAL 
y/' \, 
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peak in the neutrons counted by the detector when the follow -
ing, conservation conditions are fulfilled (e.g. Equations 
(1.19) and (1.32)), 
	
(k0 - k! 2 ) 	= 	± hv(j) 	 (1.34) 
k-k' = Q 	= 	T± q 	 (1.35) 
The + signs are appropriate .to neutron energy loss and the 
-ye signs to neutron energy gain. When q is parallel to T 
the configuration of the instrument is described as longitudinal 
and when a is perpendicular to T it is described as trans-
verse. The vectors k , -k', Q, r and q, and the spectro-
meter angles i and 4 (Figure 1.1) are illustrated in Figure 
(1.2) for a longitudinal and a transverse configuration. To 
follow any locus in (V1 0) space it is necessary to vary only 
three of the experimental - parameters k0 , k',p and 	. For 
reasons which will be clarified in the next section, the 
additional condition is almost always taken to be either 
fixed of k' fixed. The calculation of these variables for 
a 'track in (v, 0) space is performed by a computer which is 
usually on-line to the spectrometer. Alternatively, 'the instru-
ment may be controlled by punched paper tape output from the 
computer. 
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1.3.2 	Modes of Operation and Intensities 
In order to locate the dispersion relation of an excita-
tion the scattered intensity is measured at a series of 
points in (V 1 Q) space and the maximum count will be ob-
served in the detector when the conservation equations ('(1.34) 
and (1.35)) are fulfilled.. This then gives the values of v 
and Q corresponding to one point on the dispersion relation. 
In general, such a "scan" can be performed in several ways. 
Since S(Q, v) (or SM(Q, v) in the case of magnetic systems) 
gives complete information on the dynamic aspects of the 
excitation, it is usual to perform scans with either AQ = . O 
or Av = 0. These two types of scan are respectively called 
the constant wavevector transfer scan (constant-Q scan) and 
the constant frequency transfer scan (constant-v scan). 
General scans in which v and Q are both changing are also 
possible, but these are less widely used. 
It is often useful, as 'a measure of the' strength of an 
excitation, to extract a relative intensity from a scan which 
intersects the dispersion relation. This is done by integra-
ting the intensity under the peak in the resulting neutron 
distribution and applying a correction factor if the scan is 
of a constant-v type or a general type. The correction arises 
from the integration over the 5 function conservation of 
energy term which occurs in the partial differential. cross-
section (e.g. Equations (1.19) and (1.32)). For a constant-v 
scan, the intensity calculated from the neutron distribution 
must be multiplied by Ie.V0 v(Q)I where e is the unit vector 
in the direction 	AQ and V0v(Q) is the gradient of the 
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dispersion relation under study. A-correction will also have 
to be made if the scan is performed with v 0 fixed and Vt 
varying since, in this case, the quantity measured at the 
_____ detector is 	d2c ddO 	and this is proportional to dQdE' (i.e. a 
h- S(Q, v) from Equation (1.3)) only after it has been 
divided by k' 2 ct 0a Arrangements in which v 0 varies 
and Vt is fixed do not need this correction and, in addition, 
the analyser efficiency and the energy dependence of the de-
tector can be ignored. 	Also, use of the monitor (M2 ) to 
determine the counting time cancels the 	factor in ko 
Equation (1.3) since the efficiency of this counter is pro-
portional to 	When an intensity is required it is ob-. - 
viously advantageous to use constant-Q scans with fixed final 
neutron frequency. Experimentally, however, these conditions 
are not always easy to fulfil. A constant-Q scan performed 
on a steep dispersion relation will give a broader neutron 
distribution than the equivalent constant-v scan. Similarly, 
in a constant-Q scan, fixed final frequency necessitates that 
will be changing and since this involves the rotation of 
large amounts of radiation shielding, several T.A.C.S's only 
work with variable v' (e.g. Dido T.A.C.S., Harwell). 
1.3.3 	Resolution of the Instrument 
1.3.3A 	Focusinq and Peak Shifts 
Although a T.A.C.S. will be set up to observe one point 
in (v, Q) space, the mosaic spreads of the crystals and the 
finite angular collimations lead to the possibility of - detect- 
ing scattering over a range of frequencies and wavevectors. 
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The half-value contour of this distribution in (, Q) space 
is called the resolution function. It is calculated by con-
volution of the effects of the mosaic spreads and the col-
limations at the particular incident and final energies used. 
On the assumption that the mosaic spreads and the transmission 
functions of the collimators are Gaussian, the resolution 
can be calculated analytically (Cooper and Nathans, 1967) and 
the resulting shape is ellipsoidal in the 4-dimensional 
space bounded by v and the components of Q. 	The intensity 
distribution in a scan results from the convolution of the 
ellipsoid with the dispersion surface. Since the ellipsoid 
is in general substantially elongated, the observed line-
shape is critically dependent on the orientation of one with 
respect to the, other. The sharpest distributions result 
when the long axis of the ellipsoid lies parallel to the 
dispersion curve. 
Consideration of an identical scan performed on both 
sides of a lattice point illustrates the importance of resolu-
tion effects. If the ellipsoid and the dispersion relation 
are parallel on one side of the lattice point., then a sharp 
neutron group will result. On the other side of the lattice 
point the dispersion relation becomes its mirror image, but 
for small wavevectors the orientation of the resolution function 
will not have changed. The resulting convolution is therefore 
broader. This effect is known as focusing and care must be 
taken to ensure that one is working in a region where the 
focusing conditions have been optimised. 	 . 
Depending on the slope of the dispersion relation and 
the orientation of the ellipsoid, shifts in the peak position 
may also occur. The expected lineshape can be calculated 
by a computer convolution of the resolution, function with a 
(S function dispersion curve which is a good approximation. 
to that occurring in the material under study. For simple 
dispersion relations (involving only up to 2nd order terms 
in v and Q), this can be done analytically (Haywood, 
1971). Alternatively, the convolution may be done nuineri-
daily for more complicated functions. If the computer 
convolution produces a shift away from the model dispersion 
relation, then the magnitude and direction of the shift 
can be used to apply a correction to each point on the 
measured dispersion relation. This type of procedure was 
used for correcting the experimental results on the spin-
waves in Pd3Fe (Chapter 2) and Pd 0.75Ni025 (Chapter 3). 
1.3.3B 	Excitation Widths 
Not all excitations in solids have negligible energy 
width and this fact will be reflected in the experimentally 
observed linewidth. It is possible to deduce the intrinsic 
width by deconvoluting the program calculated width (6 
function assumption) from the observed width. The resolution 
determined lineshape is generally Gaussian and the assumption 
that the excitation lineshape is also Gaussian allows the 
two to be unfolded in quadrature. The intrinsic linewidth 
is then given by 
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w 	=/w2 	-w2 ex obs res 
where the W's are the full widths at half maximum 
(F.W.H.M.) of the excitation, the observed peak, and the 
resolution determined peak respectively. Care must be taken 
in using such a procedure since sizeable errors may be intro-
duced if either of the peaks is not Gaussian. Since the 
parameters required for a resolution function calculation 
are relatively hard to determine accurately, it is'desirable 
to have a check on the results of the computation. One 
possible way is to calculate the linewidth of a flat branch 
at v = 0 and compare this with the experimentally deter-
mined resolution width of the spectrometer at v = 0. The 
latter quantity can be measured by performing a constant-Q 
scan about v = 0 with an incoherent scatterer in the sample 
position. The scatterer normally used is vanadium and such 
a scanis also useful during the alignment of the instrument 
since it.. allows the experimenter to check that the mono-
chromator and analyser assemblies are correctly calibrated 
with respect to each other. 
A more rigorous procedure involves the measurement of 
the resolution ellipsoid by performing scans, through Bragg 
peaks (Nielson and Bjerrum M$ller, 1969). The collimations 
and mosaic spreads used in the computer calculation can 
then be treated as effective parameters which are varied 
in order to produce the best possible fits to the measured 
resolution function. 	At v " 0 this sort of' procedure 
ensures that the resolution shifts and linewidths will be 
accurately predicted by the computer program. Unfortunately, 
Figure 1.3 
The reciprocal space vector diagrams for two higher order pro-
cesses which would produce scattering in addition to that re-
suiting from the k o - k' process. 
—- 
(a) a 2k0 + 2k0 process in which neutrons are elastically 
scattered at the(22 O)iattice point. 
- (b) a 2k0 + 3k' process has satisfied the conservation equations 
for inelastic scattering from an excitation with dispersion 









there is still no guarantee that the resolution function 
is being calculated accurately at frequencies as large as 
those measured in Chapters 2 and 3 (i.e. up to 20 Thz). 
1.3.4 	Higher Order Processes 
In general, any single crystal used to Bragg reflect 
neutrons with wavevector k will also Bragg reflect neutrons 
with wavevectors 2k, 3k etc. Processes other than the 
-' k' process are therefore liable to occur and these 
may produce spurious features in the observed neutron dis-
tributiOn. The most common types are: 
Elastic Scattering in the Monochromator, Analyser 
and Specimen. 
A typical example is where a second order process in 
the monochromator (wavevector 2k0 , frequency 4v 0) and a 
third order process in the analyser (wavevector 3k', fre-
quency 9v') measure scattering from a Bragg peak in the 




and 	4v0 - 9v' 	= 	0. 
Elastic Scattering in Sample and either Monochromator 
- 	 or Analyser. 
Figure 1.3(a) shows a 2k 0 - 2k0 process in which second 
order neutrons from the monochromator are Bragg reflected at 
the (220) lattice point in the sample. These are then 
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incoherently scattered by the analyser with their energies 
unchanged. 
(c) 	Inelastic Scattering in Sample; Elastic Scattering 
in the monochromator and analyser. 
In this case, Figure 1.3(b), a 2k 0 -* 3k' process has 
satisfied the conservation equation for inelastic scatter-
ing from an excitation in the sample. These are 
2-3k' 	= 
and 	4v0 - 9\)' 	= 	hv('). 
v(') is the dispersion relation of the excitation from 
which the scattering arises. 
Since the conservation: conditions become easier to 
fulfil, the number of higher order processes generally ,  
increases with the incident neutron frequency. This effect 
was particularly evident in the work performed on the hot 
source T.A.C.S. IN1 with incident frequencies in excess of 
30 Thz. Processes like this are, however, liable to be 
• weak since a high incident frequency implies that the 
number of neutrons with frequencies 2v 	 3v0 etc. is 
correspondingly reduced. 	 • 
The simplest way to reduce the effect of higher order 
processes is to use analyser crystal planes where the 
structure factor is zero for second order neutrons. 
Typical choices are Si(lll), Si(l13), Ge(lll) and Ge(l13). 
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Alternatively, various crystals are available which can be 
used as filters. Polycrystalline Be is known to Bragg 
reflect almost all neutrons with frequencies in excess of 
1.2 Thz and it therefore acts as a low-pass filter. At 
frequencies higher than this one can expect a 90% reduction 
in intensity. Such a crystal was used for part of the 
work on He (Chapter 4), but it had the disadvantage that 
the small final frequency limited the maximum possible 
wavevector of the experiment to about 2.9 	Also used 
in the 4  He experiment were low mosaic spread single crystals 
of quartz. These discriminate against faster than thermal 
neutrons (Brockhouse, 1961) and therefore provide a. relatively 
inefficient way of cutting down higher order processes. In 
the "He experiment, however, quartz was used principally to 
optimize the signal to background ratio since the background 
resulted mainly from faster than thermal neutrons. 
Higher order contamination is usually distinguishable 
from the k -~ - k' process of interest by virtue of the fact 
that the conservation equations are fulfilled only over a 
small range of (v, 0) space. The resulting feature in the 
neutron distribution is therefore liable to be narrower 
than the optimum instrumental resolution. Similarly, the 
first type of process discussed above involves 3 Bragg re-
flections and is, in general, much stronger than the in-
elastic scattering which is the subject of study. These two 
types of spurious feature are easy to identify. 
Care in the advance planning of the experiment can 
lead to the selection of initial and final energies which 
-33- 
reduce the possibility of higher order scattering. This 
• sort of procedure was adopted for that part of the He 
• experiment in which the • Be filter could not be used. Since 
the prime source of-spurious processes would have been 
scattering from the multiphonon (Equation 4.1), it was rela-
tively easy to consider all effects up to fourth order and 
to select the experimental conditions accordingly. 	• 
It is also possible to repeat a scan with different 
• 	and k'. A spurious feature in the distribution will 
move to a new position in (v, Q) space whereas a real 
excitation will remain in the same place... 
-34,  
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MAGNETIC. EXCITATIONS IN Pd  Fe 
2.1 	Introduction 
Models of ferromagñetisrn in which an integral number 
of unpaired electrons are localised at each magnetic atom 
and which therefore predict that the saturation magnetisation 
of the material will be a whole number of Bohr magnetons 
fail to explain the magnetisation of transition metals 
such as Ni (0.62 IJ
B Fe (2.22 	and Co (1.72 
It is generally accepted that the magnetic moment in the 
materials mentioned above is explicable in terms of ..a band 
model of the system in which the upspin and downspin bands 
are split by a molecular field. The simplest model of this 
type, in which a single electron band is rigidly split, has 
already been discussed in Section 1.2.2D and general 
references are given there. Good reviews of the model are 
available in the work of Herring (1966) and Blandin (1968). 
For convenience,the Hubbard Hamiltonian (Equation 1.24), 
expressed in terms of creation and annihilation operators 
for electrons on Wannier sites, will be given again, i.e. 
H 	= ..E T 9 , C C , , + 	E n 	n 
U, 	 2 2a 	 (2.1) 
The first term represents the hopping of an electron 
from site £.' to 2 and the second term is the electron 
coulomb repulsion - on the assumption that only the intra-
atomic interaction is important. Within the Hartree-Fock 
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approximation (Equation 1.26), the Hamiltonian leads to a band 
- 	of non-interacting electrons with spin dependent energies 
(Equation 1.27), i.e. 
EkG 	= 	. . E 	+ i.j. 	. 	 ( 2.2) 
In the paramagnetic state, where N+ = N4, the energy re-
quired to take an electron shell of thickness. (SE from one 
band to the other is easily shown to be 
AE 	= .p(EF) 
6E 	(1 - Ip(EF)) 	 (2.3) 
where e (EF) is the density of electron states at the Fermi Level , 
If Ip(EF) < 1, then the system is stable in the non-
magnetic state, If, however, Ip(EF) > 1, then Equation 
(2.3) shows that the system is unstable against the onset of. 
ferromagnetism. The upspin and downspin bands are then split 
by an amount / where 
= 	(N4- - Nfl 
	
(2.4) 
The condition arising from Equation (2.3) is known as the 
Stoner criterion for ferromagnetism. 
Within the R.P.A. (Equation (1.30)) the Hubbard model 
predicts spin-waves, as does the localised model, but, in 
addition to these collective excitations of the system, it 
also predicts the existence of a band of single particle 
excitations, the Stoner band. These involve an electron below 
the Fermi level in one spin band being excited into a vacant 
state in the other spin band. The density of electron states 
in the two spin bands and the resulting dispersion relations 
of some important excitations are illustrated in Figure 2.1 
FIGURE 2.1 The densities of states for three different 
splittings of an upspin and a downspin electron 
band (left hand diagrams) and the dispersion 
relations of some typical excitations (right hand 
diagrams). The hatched areas represent single 
















for the simplified case of parabolic electron bands. 
Figure 2.1(a) shows the paramagneticcase (A = 0), A 
typical excitation of this system is one in which an electron 
is simply promoted in energy without changing its spin state. 
This results in the band of single particle excitations 
shown by the hatched area in the Figure. 
Figures 2.1(b) and 2.1(c) refer to ferromagnetic 
situations in which the bands are split by an amount A where 
A is respectively less than EF and greater than •EF. EF 
is the energy of the Fermi level. The longitudinal sus-
ceptibility gives rise to the type of excitation mentioned 
in connection with Figure 2.1(a) but, in addition, the enhanced 
transverse susceptibility (Equation (1.30)) gives rise to spin-
waves (solid line) and the Stoner modes (hatched area). The 
latter excitations are analogous to those shown in Figure 
2.1(a) except that the electron spin is reversed in the ex-
citation process. When the spin-wave enters the Stoner band 
it becomes damped, broadens and eventually disappears. In 
this model T, the Curie temperature, is the temperature 
at which the upspin and downspin bands are equally populated. 
From Equation (2.4) it can be seen that as 	T -' T c the 
Stoner band moves, down and damps out the spin-wave at lower 
and lower frequencies until at T  there are no true spin-
waves in the system. 
Various neutron inelastic scattering experiments have 
measured the spin-wave dispersion relations in pure transition 
metals, notably Ni (Mook et al. 1969, Minkiewicz et al, 1969, 
Lowde and Windsor 1970, Mook et al. 1973) and Fe (Mook and 
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Nicklow 1973, Lynn 1975). The most significant feature of 
the work of Mook et al. (1973) is that the spin-waves under-
go a rapid decrease in intensity and then disappear at a 
frequency of "19 Thz in the Cl 1 1] direction. This is 
construed as evidence for the interaction of the spin-waves 
with the Stoner band. Measurements at a series of tempera-
tures up to T   show that the frequency at which the spin-
waves lose intensity is remarkably temperature independent 
0 
and that spin-waves with a high stiffness of 68 Thz - A 2 
still propagate in the system at T. The spin-waves in Fe 
(Mook and Nicklow 1973, Lynn 1975) show behaviour similar 
to that observed in Ni although, at the high frequencies 
involved C'> 25 Thz), experimental difficulties make the 
fall off in intensity uncertain. 
It is obvious that the predictions of the Hubbard model 
show marked differences from the experimental results, 
especially at elevated,-temperatures. The model is, however, 
greatly simplified and various attempts have been made to 
improve it. The most important ones will be reviewed in the 
next few paragraphs. 
The inclusion of many body effects such as the corre-
lated nature of the electron motions or the screening effect 
of the conduction electrons (Hubbard 1963, Kanamori 1963) 
results in a renormalisation of the band energies and a 
reduced interaction parameter 'eff  which is approximately 
given by 
I 
'eff - 	1 + I/W 	 (2.5) 
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where W is the bandwidth. ' Previously, the Stoner criterion 
implied that a sufficiently large I would always produce 
ferromagnetism. The modified and more stringent condition, 
'eff p(E) 	> 1 	 (2.6) 
now places more significance on the density of states at 
the Fermi level since an arbitrarily large I does not 
necessarily give a large 'eff' 
With more than one electron band, the main modifications 
arising from the effect of inter-band transitions are the 
presence of an optic spin-wave mode and a broadening of the 
Stoner band. (Yamada and Shimizu 1967). 
In paramagnetic materials the longitudinal and trans-
verse susceptibilities are equivalent since there is no mag-
nétisation direction and therefore no preferred coordinate 
axis. Even if the Stoner criterion is not fulfilled, the 
susceptibility enhancement (c.f. Equation (1.30)).may be 
strong enough for peaks to be present in Im<(q,v ) 
These spin fluctuations,which have a linear dispersion rela-
tion at small. wavevectors, correspond to damped collective 
excitations of the system and are known as paramagnons. 
Paramagnetic neutron scattering has been discussed in detail 
by Doniach (1967). An important effect of paramagnons is 
that the interaction between these excitations and the con-
,duction electrons modifies the one-electron self energy and 
thereby causes a change in the effective mass (Berk and 
Schrieffer 1966; Doniach and.Engeisberg 1966). To first 
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approximation however, the interaction does not appear to 
modify the susceptibility, at least at small wavevectors. 
Returning to Ni specifically, Lowde and Windsor.  
(19 70) have extended the one band model to account more 
realistically for the five d bands in Ni. They find that 
the Stoner excitations have a finite density of states over 
a wide range of frequencies and, treating the coulomb 
parameter 'eff  as wavevector dependent, they are able to 
obtain satisfactory agreement with their measurements over 
a range of temperatures from .5 T to 1.9 T. These measure-
ments are, however, less distinct than those of Nook et al. 
(1973) and do not extend to high enough energies to study 
the fall off in intensity claimed by these authors.' Cooke 
and Davis (1973), using a self consistent approach to 
evaluate a realistic band structure and susceptibility, are 
able to deduce a wavevector dependent 'eff and are in 
agreement with the essential features of the work of Nook 
et al, (1973) at low temperatures. They predict the fre-
quency at which the spin-wave loses intensity to within 
10 Thz of that observed experimentally in the El 1 1 direc-
tion, In the [0 0 1] direction they find that the spin-
wave should bend over and be broadened by interaction with 
the Stoner modes but that it should remain fairly well 
defined up to the Brillouin zone boundary (Z.B.). A similar 
theoretical treatment for Fe (Cooke et al. 1975) also pre-
dicts a sudden intensity decrease and therefore seems to in-
dicate that the itinerant electron model is applicable to Fe 
despite the fact that the large magnetic moment 
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might suggest strong intra-atomic exchange (Hund's rule 
coupling; e.g. Mattis 1965). 
The itinerant electron model and its modifications are 
fairly successful in explaining, at least qualitatively, 
the behaviour of the spin-wave at low temperatures. The re-
suits of Mook et al, (1973) at elevated temperatures are, 
however, still hard to explain despite the modifications. 
Recently Sokoloff (1975) has proposed that spin fluctuations 
may induce a band splitting above T . While the concept 
that short range correlations are significantabove T c is 
liable to be very important, it is not clear that Sokoloff's 
theory is physically reasonable. 	 - 
The body of experimental results on spin-waves in 
transition metal ferromagnets is still very small and the 
present work was undertaken to supplement the relevant areas. 
Since the spin-wave stiffness of . a pure transition, metal is 
0 	 0 
generally large (140 Thz-A 2 'for Niat 4.2K and 73 Thz-A 2 
for Fe at 120 k) , neutron inelastic scattering experiments 
are complicated by the necessity of using incident neutrons 
of high frequency. This is particularly true for Fe where 
the energy at which the spin-wave interacts strongly with 
the Stoner modes is hard to determine due to poor.counting 
statistics at the required frequency (Mook and Nicklow 1973). 
In an attempt to reduce the stiffness and make neutron 
scattering experiments easier, the spin-wave dispersion rela-
tions have been measured in transition metal alloys such as 
Pd  Fe (see below) and Pt 3Mn (Antonini and Minkiewicz 1972). 
The reduction in the spin-wave stiffness, however, is par-
tially offset by the increased complexity of the system and, 
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usually, by a reduced magnetic moment/atom. 
2.1.1 	Pd  3  Fe 
Pure Pd is paramagnetic but the addition of small per-
centages of ferromagnetic impurity (<.15% Fe) can stimulate. 
the development of a "giant" moment associated with each 
impurity atom. The addition of "1% of Fe produces a moment 
of about 10 V B/mPtY  atom (Crangle 1960; Crangle and 
Scott 1965) whereas neutron scattering measurements (Low and 
Holden 1966; Hicks et al. 1968) show that the moment on each 
Fe atom is 	3.5 ji B  The discrepancy between these two values 
arises from clouds of ferromagnetic polarization in the Pd d 
0 
band, extending out to about 10 A from each solute atom. 
Although the magnetic moment on each Pd atom is small ( < .O5uB), 
the polarisation cloud encompasses a large number of them and 
this produces the giant moment. 
Below 1070 K Pd3Fe crystallises in the ordered Cu 3Au 
structure and below 507 K (Crangle 1976) it is ferromagnetic. 
This relatively low Curie temperature, combined with the small 
d electron bandwidth, makes Pd 3Fe a suitable material for the 
study of transition metal ferromagnetism. 
Neutron inelastic scattering studies of the spin-wave 
dispersion relation in ordered Pd 3Fe have been performed by 
Antonini et al. (1971), Stirling and Cowley (1972) and Holden 
(1976). Stirling and Cowley found, at room temperature, that 
the neutron distributions had so broadened and decreased in 
intensity that, in.the 	o 0 J direction, the dispersion 
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relation could not be observed for wavevèctors, t, greater 
than .03. t is the reduced wavevector expressed in units of 
(iE) where a is the lattice spacing. Holden (1976) has 
conducted an experiment on the temperature dependence of the 
excitations at temperatures ranging from 296 K to 573 K. 
His results show strongly temperature and wavevector depen-
dent neutron distribution widths and frequencies but, like-
wise, no strong magnetic response was observed for 	> .3. 
The experiments performed by both Stirling and Cowley 
(1972) and Holden (1976) suffered from a low neutron flux at 
high frequencies and hence the disappearance of the spin-waves 
could not be definitely attributed to an interaction with the 
Stoner modes. The possibility, however, certainly existed. 	- 
The aims of the present experiment were to extend the 
preceding measurements to higher frequencies and wavevectors 
and, if possible, to reach the Brillouin Zone Boundary (Z.B.) 
in the three principal symmetry directions. To maximise the 
neutron flux at high incident frequencies, a large part of 
the experiment was performed using a T.A.C.S. on a "hot 
neutron source" (Section 1.1). Most of the measurements were 
made at 4.4 K but specific areas were repeated at temperatures 
up to 296 K. 
The results are described in Section 2.3. It is found 
that although there is no distinct intensity drop, as observed 
in Ni, the spin-wave shows, the appearance of intrinsic widths 
near the Z.B. in both the 	0 0 ?J and the [ 	0 directions. 
In addition, the dispersion relation in the LO 0 J direc-
tion reaches a maximum in the area where the intrinsic widths 
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develop (9 Thz), bends over and crosses the Z.B. at 	7 Thz. 
The system is highly anisotropic and this behaviour is not re-
flected in any of the other directions studied.. At frequencies 
up to 13 Thz, in the CO 0 ] direction, a continuation of the 
steeply sloping part of the dispersion relation is also obser-
ved. Unfortunately, a detailed study of this phenomenon is 
complicated bya spurious effect which arises from the. instru-
mental resolution. 
Section 2.4 examines a simple localised and a simple 
itinerant electron model of the system. Both of these are 
found to be inadequate. 
2.2 	The Experiment 
The sample, a cylinder of height n,2 cm and diameter 3.5 
cm, was aligned with a [1.1 o3 axis vertical and mounted in 
a variable temperature cryostat. The experiments were per-
formed using the T.A.C.S's INl, on the hot source at the I.L.L. 
Grenoble, and N5 at Chalk River Nuclear Laboratories. For fre-
quency transfers less than 15 Thz, IN1 was used with the (00 2) 
planes of a Cu crystal as monochromator; the (0 0 2) planes 
of a pyrolitic graphite crystal as analyser;, and either the 
incident neutron frequency fixed at 26 Thz or the final neutron 
frequency fixed at 9.91 Thz. At higher frequency transfers, 
scans were performed with either v fixed at 42 Thz or v' 
fixed at 14.6 Thz. 
On N5 a Ge (113) monochromator and a Cu(002) analyser were 
used with v' fixed at 9.91 Thz. This machine, which has a con-
ventional thermal neutron source, was employed principally for 
a thorough study of the CO 0 ] direction at frequency transfers 
less than 11 Thz (e.g. Figure 2.7). 
FIGURE 2.2 Thespin-wave dispersion relation in the E 
and [ 	oJ directions at 4.4 K. Some measurements 
made at 231 K are also shown. r is the reduced 
wavevector in units of (2ir/a). For 	> .25, the 
peak positions have not been corrected for the 
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FIGURE 2.3 The spin-wave relation in the CO 0 J direction 
at 4.4 K. The dispersion relation is shown on both 
sides of the Z.B. at (0 0 1.5). The wavevector is 
expressed in units of (27r/a). The main branch lies 
at frequencies less than 9 Thz but scattering is 
present at higher frequencies (see Text) . For 
> .25, the peak positions have not been corrected 
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The best results were obtained in longitudinal  
about the (1 1 1), (1 1 0) and (0 0 1) reciprocal lattice 
points. Several scans were also performed in the vicinity 
of (00 3.5) in order to obtain an estimate of the strength 
of the phonon scattering. 
2.3 	RESULTS 
2.3.1 	Low Temperature Results 
The spin-wave dispersion relation in the three principaTi 
symmetry directions, at a temperature of 4.4 K, is shown in 
Figures 2.2 and 2.3. In most cases the peak-positions - have 
been corrected for the effects of instrumental resolution as 
described in Section 1.3.3A. Due to the complicated and 
anisotropic nature of the dispersion relation, no corrections 
have been made to measurements at 	. .3 in any direction. 
They are, however, expected to be insignificant in these 
regions. All of these resolution corrections were found to 
be less than 10% of the experimentally measured peak position. 
The values of some 'selected peak positions and corrections in 
the three symmetry directions are given in Tables 2.2 	- 2.4. 
Due to insufficient resolution, the spin-wave could not 
be separated from the phonon scattering (Stirling et al. 1972) 
at frequencies less than 2 Thz. In the region 2 -' 6 Thz the 
dispersion relation is found to be isotropic and quadratic 
0 
with a stiffness of 57 ± 4 Thz-A 2 . 
In the 	j 	direction, at frequencies larger than 
6 Thz, the spin-wave dispersion relation is found to increase 
FIGURE 2.4 	The integrated spin-wave intensities extracted, 
at T = 4.4 K, fro'm a set of constant-Q scans with 
• varying final neutron frequency. The solid line, 
for comparison, shows the k'3cot 0a  factor which 
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FIGURE 2.5 The integrated spin-wave intensities extracted 
from constant-Q scans in the [ 	oJ and La a j 
directions at 4.4 K. These scans were performed 
with the final 	neutron frequency fixed and 
therefore give a direct measure of S(Q,v). These 
graphs are intended only as rough guides. 

















approximately linearly up to 20 Thz. For experimental 
reasons no measurements were made at higher frequencies 
and further work is necessary to extend the 	[ 	ç] dis- 
persion relation to the Z.B. 
Figure 2.4 shows some integrated spin-wave intensities 
in the 	r J direction. These were obtained from 
constant-Q scans performed with the incident neutron fre-
quency fixed at 26 Thz. The solid line in Figure 2.4 gives 
the k' 3 cot 	factor (Section 1.3.2) which should be ob- 
served in scans performed with a varying final frequency. 
This factor has been normalised to the experimental results 
at 	10 Thz. No significant decrease in intensity is ob- 
served over the range 6 - 15 Thz. Factors such as the 
varying analyser efficiency and the instrumental resolution 
have not been taken into account in these calculations. 
These are, however, expected to be much smaller than the 
errors shown in Figure 2.4. At frequencies higher than 
15 Thz there appears to be no intensity decrease, although 
quantitative estimates are difficult to make since a variety 
of incident and final neutron frequencies were used to study 
the dispersion relation in this region. No measurable 
excitation widths are observed at any frequency in this 
direction. 
In the 	0 direction the dispersion relation is 
approximately linear from 6 -'- 10 Thz. At larger wavevectors 
there is a slight change in the slope of the dispersion rela-
tion and this is combined with the appearance of an intrinsic 
linewidth in the neutron distributions. Although the instru-
mental resolution width is hard to determine exactly, due to 
the changing slope of the dispersion relation, - the intrinsic 
linewidth appears to develop at C nu .3 and increases slight-
ly with increasing wavevector. At the Z.B. the observed 
linewidth is 3.0 Thz and the instrumental linewidth is rough-
ly 1.7 Thz. Deconvoluting in quadrature (Section 1.3.3B) 
gives the excitation linewidth as "-' 2.5 Thz. A constant-Q 
scan at (1.4 1.4 0) is shown in Figure 2.6(b). 
The integrated intensities extracted from a series of 
constant-Q scans in this direction are shown - in Figure 2.5. 
These scans were performed with fixed final neutron frequency, 
and therefore no correction of the type used in Figure 2.4 
is required. As can be seen the spin-wave intensity is 
roughly constant in this direction. 
The most interesting effects are observed in the 
CO 0 	direction where, at a frequency of-9 Thz and a 
wavevector .3, the.spin-wave dispersion relation has a 
maximum, turns over and reaches the Z.B. at "- 7 Thz. This 
feature is illustrated-inFigure 2.3 which shows the dis- 
persion relation on both sides of the Z.B. at (0 0 1.5). 
Several points have been plotted at frequencies greater than 
9 Thz and these are explained later in the text. 
In the vicinity of 6 Thz in the o 0 fJ direction, 
both longitudinal and transverse optic phonons (Stirling et 
al. 1972) contribute to the observed scattering. Since spin-
wave intensities decrease with increasing Q (following the 
form factor; Equations (1.19) and (1.32)) and phonon intensities 
increase as Q2, an estimate of the phonon scattering present 
in a distribution can be obtained by performing a similar scan 
around a reciprocal lattice point of higherorder and scaling 
FIGURE 2.6(a) A neutron distribution resulting from a constant-Q 
scan at .Q = (0 0 1.5). Theddshèd line is an estimate 
of the strength of the phonon scattering obtained by 
repeating the scan at (0 0 3.5) and scaling down the 
intensity by a factor of Q 2 . 
The neutron distribution resulting from a constant-
Q scan at Q = (1.4 1.4 0). 
The neutron distribution resulting from a constant-
v scan at 11 Thz in the O 0 J direction. The 
peak positions on either side of the Z.B. occur 
asymmetrically. It is likely that on the (0 0° 2) 
side of the Z.B. there are two peaks; one at 
"(0 0 1.6) arising from real magnetic 	scattering 
and one at (O 0 1.68) arising from a resolution 
effect. These peaks are just beginning to be re-
solved. On the (0 0 1) side of the Z.B. both peaks 
are completely superposed. 
I 
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down the resulting intensity by. a factor of Q2. It was 
found that, for Q between (0 0 1.4) and (0 0 1.6), approxi-
mately 20% of the intensity in a constant-Q distribution arose,. 
from phonon scattering. As an aid to determining the peak 
positions of the purely magnetic 'scattering in constant-Q 
scans performed near the Z.B., the predominantly phonon 
scattering was scaled down as described above. It was then 
smoothed and subtracted from the distribution. This pro-
cedure was used for Q between (0 0 1.3) and (0 0 1.7) to 
obtain the peak positions shown in Figure 2.3. 'The neutron 
distribution resulting from a constant-Q scan at (0 0 1.5) 
is shown in Fig. 2.-6(a).. The dashed line is the identical 	... - 
scan performed at (0 0 3.5). It has been smoothed and 
scaled down by a factor of Q 2 . 
As in the 	0] direction, the change in slope of 
the dispersion relation in the vicinity of the' maximum is 
coupled with the appearance of an intrinsic excitation width 
which then seems to increase slightly with increasing Q. 
The measured widths, calculated resolution widths and de-
convoluted excitation widths for the [° 0 ] direction are 
given in Table 2.5. The resolution width is uncertain due 
to the complex. nature of the dispersion relation and to the 
presence of a resolution effect which will be discussed below. 
..The - values presented in Table 2.5 are therefore intended only 
as a rough guide. Figure 2.5 shows a series of intensities 
extracted from constant-Q scans in the 0 0 ] direction. 
While large errors are present (arising principally from 
resolution effects), there appears to be no 'sudden drop in 
FIGURE 2.7 A contour plot of the magnetic scattering in the 
[o 0 J 	direction, drawn from a series of constant- 
Q and constant-v scans. The plot i.drawn on both 
sides of the Z.B. at (0 0 1.5) and the wavevector is 
in units of (27r/a). Fast neutron background and 
phonon backgroundhave been subtracted as described 
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FIGURE 2.8 A series of constant-v scans performed in the 
O 0 	direction on both sides of the Z.B. at 
(0 0 1.5). These have been normalised to the same 
number of monitor counts. The. wavevector is in 
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spin-wave intensity in this direction. Onceagain, these 
values are intended only as rough guides. 
A contour plot drawn from a series of constant-Q and 
constant-v scans is shown in Figure 2.7. The phonon 
scattering has been subtracted in the manner described above 
and a fast neutron background has also been subtracted. 
Figure 2.7 clearly shows the maximum in the dispersion relation 
occurring symmetrically on both sides of the Z.B. and also the 
presence of finite excitation width at wavevectors larger 
than the wavevector of the maximum. 	 - 
A series of constant-v scans, normalised.to the same 
number of monitor counts, is shown in Figure 2.8. These illus-
trate some of the points discussed above and show that, in 
addition to the scattering from the linear part of the dis-
persion relation, there is a large amount of scattering at 
the Z.B. These distributions have not been background sub-
tracted in any way. 
The constant-v distribution at 11 Thz clearly shows the 
presence of scattering even though the maximum frequency of 
the branch is 9 Thz in this direction. This feature was 
found to persist in constant-v scans up to 13 Thz and the peak 
positions are shown in Figure 2.3.. A slight asymmetry with 
respect to the Z.B. is present in this high frequency scatter-
ing but, to a good approximation, it can be described as a 
continuation of the linear, steeply sloping, part of the dis-
persion relation. Reference to the contour plot of Figure 
2.7 shows that a constant-v scan at 10 Thz would show two 
weak peaks at Q= (0 0 1.38) and Q = (0 0 1.65) ,whereas 
-51- 
constant-Q scans at (0 0 1.38) and (0 0 1.65) would each 
show one strong peak at 8.8 Thz and 9 Thz respectively. The 
scattering which gives rise to the peak in constant-v. scans 
shows up only as an asymmetry on the high frequency side of 
the constant-Q scans. This difference illustrates the fact 
that if the dispersion relation were examined only with 
constant-v scans, and if the scans did not cover a range of 
wavevectors large enough to observe the scattering at the 
Z.B., then the dispersion relation would appear-to continue 
linearly upwards but with a fairly sudden decrease in in-
tensity at 9 Thz. This effect is remarkably similar to that 
observed in Ni (Moàk etal. 1973) and Fe (Mook and Nicklow 
1973) where, due to the steepness of the dispersion relation, 
only constant-v scans were used. In these experiments a 
sudden intensity drop is construed as evidence for the 
presence of an interaction with the Stoner modes. Constant-Q 
scans might, however, show that the spin-wave bends over and 
does not lose intensity, as is the case in the present experi-
ment. This observation illustrates the fact that the use of 
only constant-v scans on steeply sloping dispersion relations 
may lead to a misinterpretation of theY results. 
It is believed that at least part of this effect is due 
to the fact that the resolution ellipsoid is considerably 
elongated along the dispersion curve. It therefore continues 
to show .a peak in the scattering even though its centre is 
at a frequency higher than the maximum on the' dispersion 
relation. On the (0. 0 2) side of the Z.B. the ellipsoid 
is still orientated in the same manner and therefore is not 




pick up scattering from Q = (0 0 1.65) and the resulting 
peak in a constant-v distribution will occur at this wave-
vector,,. - independent of frequency. As shown in Figure 2.3 
this hypothesis agrees with the experimental observations. 
While a large part of the scattering at frequencies greater 
than 9 Thz undoubtedly arises from the process described 
above, scattering is observed at frequencies up to 13 Thz. 
It seems, therefore, that part of this intensity may arise 
from real magnetic scattering (Figure 2.6(c) and Figure 
2.3). Unfortunately, a quantitative approach to this 
resolution effect would be unreliable and therefore it is 
not possible to say how much intensity arises from resolution 
and how much comes from real magnetic scattering. It is also 
partly due to this effect that spin-wave widths and inten-
sities are hard to extract in the 0 0 J direction 
(Figure 2.5 and Table 2.5). 
In conclusion, a series of constánt-Q cans, going away 
from the ° 0 J Z.B. at (0 0 1.5) towards the f 
Z.B. at (.5 .5 1.5), shows that the spin-wave frequency at 
the Z.B. has its smallest value in the [O.0 J direction. 
One of the most interesting features of the spin-waves in 
Pd3Fe is the extreme anisotropy of the dispersion relation. 
2.3.2 	Results at Elevated Temperatures 
Some of the present work involved a study of the spin-
wave at a series of temperatures. Figure 2.9 shows a part 
of the dispersion relation in the 	?f direction at 
FIGURE 2.9 	Part of the spin-wave dispersion relation in the 
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FIGURE 2.10 Intrinsic spin-wave linewidths in the C 
direction at a temperature of 296 K. These were 
extracted by deconvoluting the instrumental line-
width from the experimental linewidth for a series 
of constant-v scans. For convenience the linewidth 
has been expressed in Thz. 
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FIGURE 2.11 Typical neutron distributions obtained in a 
constant-v scan. at 11 Thz and at three different 
temperatures. The solid lines are only intended 
as guides for the eye. 
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FIGURE 2.12 	The O 0 J dispersion relation at T = 231 K. 
For C greater than .25, the peak positions have 
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temperatures.Of 156 -K 231 K and 296 K. Also shown in 
Figure 2.9 are some measurements made at 296 K using the 
T.A.C.S. at the Pluto reactor A.E.RE., Harwell. These were 
made by W.G. Stirling under conditions similar to those 
described previously by Stirling and Cowley (1972). Between 
4.4 K , and 156K there is almost no change in the intensity, 
width or peak positions of the distributions, whereas at 
231 K and at 296 K there is a 'noticeable drop in the gradient 
of the dispersion relation, coupled with significant peak 
intensity decreases and width increases. Figure 2.10 shows 
some intrinsic linewidths of the spin-waves in the [ ç 
direction at 296 K. These were obtained by deconvoluting 
the instrumental linewidth from the observed linewidth (in 
quadrature) for a series of constant-v scans. For convenience, 
the results have been expressed in Thz. Figure 2.11 shows 
neutron distributions obtained in a constant-v scan at 11 Thz 
and at three differentternperatures. These illustrate some 
of the points mentioned above. 
In the [o 0 ] direction, the problem of separating 
the phonon scattering from the magnetic scattering becomes, 
more complicated as the temperature is raised. The main 
features, however, are still present and the dispersion 
relation at 231 K is shown in Figure 2.12. As in the 
] direction ,a width. develops at frequencies greater 
than about 4 Thz and increases smoothly with wavvector. 
The width associated, at low temperature, with the bending 
over of the dispersion relation (Table 2.5) 	does not show 
any observable increase at the higher temperature. To obtain 
more detailed information, neutron inelastic scattering 
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experiments using polarised neutrons are planned for the 
future. It will then be possible to separate the magnetic 
scattering from the nuclear scattering. 
The spin-wave stiff nesses at 156 K and 231 K are res-
pectively 56.5 ThZ_2  and 54 Thz_R2 . As mentioned pre-
viously (Section 1.2.2D) ,the itinerant electron model pre-
dicts a T 2 term in the temperature dependence of the spin-
wave stiffness (Equations (1.18) and (1.33)). Stringfellow 
• (1968) has attempted to verify the presence of this term in 
the spin-waves in Fe and Ni. The present measurements of 
the spin-wave stiffness and thoseof Stirling and Cowley 
(1972) and Holden (1976) seem to obey a simple T 52  law 
in the temperature range 0 K - 296 K. Over the temperature 
range 0 K - 473 K, the T 2 term is necessary to reproduce 
the behaviour of the stiffness. The validity of such expan-
sions (Equations (L.18) and (1.33)), however, is extremely 
doubtful over such large temperature ranges and it seems 
unreasonable to expect the coefficients D and D 2 to 
remain constant. This type of treatment, therefore, does 
not contribute significantly to an understanding of the 
interactions in Pd  Fe. 	For convenience the stiffnesses 
measured in the present experiment are tabulated below. 
0 
T(K) 	 D(Thz-A 2 ) 
4.4 	 57 ± 4 	• 
+ 
156 	 56.5 - 5 
231 	 54 ± 4 	 • 
FIGURE 2.13 A fit to the low temperature measurements (dots) 
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2.4 	Simple Models 
2.4.1 	Localised Spin Model 
The localised spin model of Leoni and Natoli (19.68), 
when applied to Pd 3Fe, couples spins SFe  on the iron atoms 
with spins S 	on the palladium atoms via HeisenbergPd 
exchange parameters JFe-Fe between iron atoms and 
Fe-Pd between iron and palladium atoms. The Pd-Pd inter-
action is expected to bemuch smaller and is ignored in the 
present treatment. The model calculation, shown by the solid 
line in Figure 2.13, gives rise to one acoustic and three 
optic branches. The horizontal optic mode, which is shown 
at "14 Thz, is doubly degenerate and the third optic mode, 
for convenience, has not been fully shown in the 	t 	or 
Cc 	oJ directions. SFe and S 	were taken to be 1.42 Pd 
and 0.17 respectively (Shirane et al. 1964) and the re-
maining parameters Fe-Fe and J Fe-Pd were determined by 
fitting the acoustic branch predicted by the model to the 
low temperature measurements using a least squares procedure. 
The resulting parameters JFe-Fe and J 
Fe-Pd  are 1.37 Thz 
and 1.21 Thz respectively. The fit is not good and fails, 
in particular, to describe the anisotropy of the dispersion 
relation. 	. 	 . 
Calculations of the scattered intensity, using this model 
show that, in general, the intensity of the acoustic mode 
decreases with increasing wavevector and the intensity of 
the highest optic mode increases with increasing wavevector. 
On average the summed intensity of these two branches is 
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roughly constant. The doubly degenerate optic mode is 
approximately an order of magnitude less intense than the 
acoustic or the third optic branches and in certain direc-
tions around certain lattice points it is absent, e.g. 
J around (1 1 1). In the present experiments, 
exploratory studies in various directions around various 
reciprocal lattice points failed to reveal any trace of 
optic branches up to "20 Thz. 
The failure of the localised model.to explain the 
anisotropy in the spin-wave dispersion relation might be 
corrected by including the effects of a Pd-Pd interaction 
or extending the exchange forces beyond nearest neighbours. -
The model, -however, is unable to explain the appearance of 
intrinsic linewidths, in the 0 0 ] and 	oJ direc- 
tions at low temperatures, unless one proposes that the 
width is due to the presence of an optic branch unresolved 
from the acoustic branch. No evidence was found for the 
existence of such a mode. 
2.4.2 	Itinerant Electron Models 
A full band calculation is beyond the scope of the 
present work. It is useful, however, to consider the 
extent to which Pd 3Fe may be discussed using very simple 
band models. 
Using the Hubbard Hamiltonian (Equation 2.1) for a 
single narrow electron band, one can obtain the enhanced 
transverse susceptibility (Equation 1.30) in terms of the 
unenhanced transverse susceptibility X non " (Equation 
-57-- 
L.29)) and the interaction parameter 'eff• 	x0(v) 
can be evaluated analytically at a temperature T = 0 K• for 
the special case of two parabolic bands, one. upspin and one 
downspin, rigidly split by an amount A (Rajagopal et al. 
1967; Holden 1976). The object of prime importance in the 
present work, the spin-wave frequencies, are given by the 
pole equation of x(,v) (Equation (1.31)). 
The simplest model used in the present study was one in 
which the bands were assumed to be split so as to produce 
the observed average moment in Pd3Fe 
(1°9B'  Shirane et al. 
1964). Expressions were obtained for the magnetisation, T 
• (Stoner 1938) and D (Marshall and Lovesey 1971) in terms of 
the parameters 'eff'  N+, N+ and the effective mass of the 
band electrons (m*). Using the measured values of these 
quantities 1-09B'  507 K and 57 Thz-A 2 respectively) and 
eliminating m*, 'eff and N4- from the expressions, no real 
solution could be found for the remaining parameter NI-. 
Relaxing the conditin that the model should predict T 
and assuming that one band was completely filled, gave 
A",  3 eV and Tc an order of magnitude too large. The in-
applicability of this model to Pd 3Fe is not hard to under-
stand. It is unreasonable to expect a one band model to 
account simultaneously for the five d bands in Pd and 
• the large magnetic moment on each Fe atom. The model is 
unrealistic and no calculations of the spin-wave dispersion 
relations were performed using it. 
A more reasonable extension of the Hubbard model is 
available in the work of Doniach and Wohlfarth (1967). Here 
it is assumed that the Pd d electrons are band like and 
that the Fe moment is localised. The expression for the 
susceptibility contains a localised-itinerant electron ex-
change interaction, J, and can easily be modified - to 
derive the spin-wave frequencies with an Fe-Fe localised 
exchange interaction, J', included. In pure Pd the d 
band contains .36 holes (Vuillemin and Priestley 1965) and 
the magnetic-moment on each Pd atom in Pd 3Fe is 
It seems, therefore, that one of the spin bands in Pd 3Fe 
is completely filled. This leads to considerable simplifica-
tion in evaluating X 
non i') since the contribution from 
only one band need be considered. Spin waves at T = 0 K 
are than given by the solutions of the equation 
I' (v)m*k 
1- 
2h 2 q 
() [l_A2flJ 	
- 2A 	= 0 (2.7) 
where 	A 	
87r2m*(hv - ) - h 2 q 2 
2h 2kq 
I'M 	= 	I + 	 2J2R'. 
(JR + 2Rt [J (0) - J' (q)] - hv) 
IR+2J' 
I, J and J' are the exchange constants for pure itinerant, 
interant-localised and localised-localised interactions 
respectively; kF is the wavevector at the Fermi Surface; 
R is the moment on each Pd atom; 	R' = C Swhere Fe Fe 
C 	is the fractional concentration of iron atoms and S Fe Fe 
FIGURE 2.14 A fit to the low temperature measurements using a 
simple band model (Doniach and Wohlfarth 1967). 
The spin-wave branches are shown by.the solid line 
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is the localised spin on an iron atom; and 
J' (q) = J'S Fe (Cos a q + cos a q + cos a 
An expression for the spin-wave stiffness (Holden 1976) 
was used to derive a value of J ' in terms of m*. 	The stiff- 
ness, the magnetic moment on each Pd atom and the spin on 
each Fe atom were taken to be 60 Thz-A2, 	34MB and 1.5 
respectively. The remaining parameters werethen varied to 
give the best overall fit to the low temperature measure-
ments and the dispersion relation calculated from these is 
shown in Figure .2.14. The fitted values are I = 112 meV, 
J = 68.7 meV, J' = 32.4meV and 	m* = 109.7 me where 
is the electron mass. 	This extremely high value of 	m* 
was found to be necessary in Order to reproduóe the bend-
over in the [r. t 0] 	direction. Although unrealistic, it 
simply reflects the inadequacy of the parabolic band assump- 
tion. In the linear part of the dispersion relation the 
slope is mainly determined by the localised-localised inter - 
action (J') and the shape at the top of the dispersion 
relation is determined by the interaction with the Stoner 
modes. The behaviour of the spin-wave dispersion relation 
can be duplicated fairly accurately in each direction 
individually.' An overall fit (Figure 2.14), however, is 
not so good. This is to be expected since the electron 
gas model is isotropic whereas the spin-wave dispersion 
relation is not. There is no reason why a calculation using 
a more realistic band structure should not be able to produce 
agreement in all three directiOns. 
I . 
The simple model considered in this Section does not 
give any more than qualitative agreement with the experi-
mental results. Since the use of a single parabolic band 
is inadequate for describing Pd 3Fe at T = 0 K, no 
attempt was made to extend the model to the case of finite 
temperatures. 
2.5 	Discussion and Conclusions 
Measurements have been made of the spin-wave dispersion 
• relation in ordered Pd 3Fe at a temperature of 4.4 K. At 
the top of the dispersion relation in both the 1C C oJ 
0 j directions the spin-wave is observed to have an 
intrinsic linewidth. Furthermore, in the same region the 
E:o 0 2fJ dispersion relation reaches a maximum at a fre-
quency of Ix,9 Thz, bends over and crosses the Z.B. at / 
7 Thz. The dispersion relation is highly anisotropic and 
this behaviour does not occur in any of the other symmetry 
directions. 
In the [o 0 ] direction scattering is observed at 
frequencies in excess of 9 Thz. This occurs as a continuation 
of the linear, steeply sloping part of the dispersion relation. 
Although this scattering is at least partly due to a resolu-
tion' effect, there is evidence to suggest that a real mag-
netic response is also present. 
Two very simple models, one assuming localised electrons 
and one assuming itinerant electrons, are both found to be 
inadequate. In general, localised models cannot be expected 
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to explain the properties of systems where the magnetic moment 
is a non-integral number of V
B. 
 On the other hand, the 
itinerant electron model considered in Section 2.4.2 is 
capable of explaining the experimental results at least 
qualitatively and a. susceptibility calculation using a 
realistic band structure for Pd 3Fe should re nave many of 
the discrepancies. 
It therefore seems reasonable to suggest that the low 
temperature linewidths observed in the Lo 0 J and the 
oJ directions are caused by interaction with the 
Stoner modes. The effect of this interaction in Pd 3Fe 
is certainly different from that observed in Ni (Mook 
et al. 1973). . In Pd 3Fe the spin-wave shows the gradual 
onset of widths for t 	.3. but there is no appreciable 
intensity drop. In Ni the intensity drops suddenly at 
about 19Thz in the 	] direction. This dissimilarity 
is possibly due to a different density of states of the 
Stoner modes in Pd 3Fe and Ni. The band structure and sus-
ceptibility calculations for Ni performed by Cooke and 
Davis (1973) are in fair agreement with the experimental 
results (Mook et al. 1973) in the [ 	direction. 
In the CO 0 ç 	direction, however, they predict effects 
similar to those observed in the 0 0 J direction in 
Pd3Fe. The spin-wave turns over sharply but remains 
fairly well defined up to the Z.B. In addition, their 
calculations show that scattering, frOm the Stoner modes, 	. 
is present above the main branch. These predictions are 
qualitatively in agreement with the present results. It 
is also possible that the [ 	] dispersion relation 
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in Ni does not lose intensity suddenly,..but merely bends 
over and is therefore unobservable in the constant-v 
scans used by Mook et al. (1973). It would be worthwhile 
to re-examine the high frequency scattering in Ni using 
constant-Q scans. 
Some measurements werealso made at temperatures up to 
296 K. The present results, at a temperature of 231 K in 
the CO 0 J 	direction, show that the spin-wave branch 
has not changed significantly with increasing temperature. 
The only new effect is the presence of small linewidths in 
the linear regiOn of the dispersion relation. If the bend-
over of the spin-wave in the CO 0' ] direction is due to 
interaction with the Stoner modes, one might expect, that it 
would occur at lower and lower frequencies as the tempera-
ture is raised. This is not observed, at least up to a 
temperature of .83 T  (Holden 1976). Once again, this is 
similar to the measurements in Ni (Mook et al. 1973) which 
show that the intensity cut-off in the 	j direction 
is roughly temperature independent. 	 . 
The present work poses many questions and it is unlikely 
that these will be answered without a realistic band structure 
calculation for Pd 3Fe. 	Only then will it be possible to 
• make a critical assessment of the success and failures of 
the itinerant model. 
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TABLE 2.1 
Typical horizontal and vertical collirnations used on 
IN1. Monochromator, analyser and specimen crystal 
mosaic spreads are also given. 
C1 C2 C 3 C4 
FWHM FWHM FWHM FWtiM 
degrees degrees degrees degrees 
Horizontal 	 .52 .97 .70 .97 
Vertical 	 1.5 1.0 1.6 5.6 
Mosaics spreads (FWHM, degrees) and lattice spacings 
0 
(A). 
monochromator 	analyser 	sample 









Selected frequencies () and wavevectors (r) of spin-
waves in the [i 	J direction at 4.4K. Resolution 
corrected values v', ' and estimated errors are also 
given. 







Thz () 	Thz (1L) 	Thz (L) 
3 	.07 	 3 	.08 	 ±.01 
4 	.09 	 4 	.095 
6 	.12 	 6 - 	.12 
8 	.155 	 8 	.145 	 ±.02 
10 	.195 	10 	.18 
12 	.255 	12 	.24 	 ±.025 
14 	.28 	 14 	.27 
17 	.34 	 17 	.33 	
0 
 ±.03 
19 	.375 	19 	.365 
20 	.39 	 20 	.38 
7.4 	.15 	 7.8 	.15 
11.8 	.25 	12.7 	.25 
14.5 	.3 	 15.2 	.3 	±1.0 
16.7 	.35 	17.4 	.35 	±.8 
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TABLE 2.3 
Selected frequencies (v) and wavevectors (C 	of spin- 
waves in the 	0] direction at 4.4 K. Resolution 
corrected values v', t' and estimated errors are also 
given. No corrections have been performed for t > .25. 
V V'  AV A 
Thz (--) Thz () Thz 
( 2 7r )  
3 .085 3 .095 ±.015 
4 105 4 .11 	- 
5 .13 5 .13 ±.02 
6 .15 6 .145 
7 .17 7' .16 	. ±.03 
8 .20 8 .19 
9 .23 9 .225 
• 	10 	• .26 • ±.04 
10.4 .3 
• 	 11.5 .4 • ±.8 
11.9 .5 • ±.8 
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TABLE 24 
Selected frequencies (v) and wavevectors () of spin-
waves in the o 0 j direction at 4.4 K. Resolution 
corrected values ' ,. t' and estimated errors are also 
given. No corrections have been performed for 	> .23. 
V v tv 	AC 
Thz (--) Thz (-) Thz 	(L) 
3 .13 3 .14 ±.015 
4 .17 4 .175 
5 .18 5 .182 
6 .225 6 .215 ±.02 
• 	 7 .255 • 
8 .295 • 	 • ±.025 
8.0 .3 	 • ±.7 
8.9 .35 ±1.. 
9.1 .4 ±1. 
7.4 .45 
7.0 .5 ±.8 
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TABLE 2;5 
The observed, calculated and intrinsic linewidths of the 
spin-wave in the 0 0 j direction at 4.4.K. Due to the 
complicated nature of the resolution, these numbers are 
intended only as rough guides. 
Observed Resolution Intrinsic 
• width width width 
(FWHM) (FWHM) (FWHM) 
(21L) Thz Thz • 	 Thz 
.15 2.4 2.4 0 	± 	.5 
.18 • 	 2.5 2.5 0 	± 	.5 
.30 3.4 2.0 2.7 	± 	2.0 
.35 3.1 1.8 2.5 	± 	1.5 
.40 3.8 1.8 	• 3.3 	± 	1.5 
.50 3.8 1.6 	• 3.5 	± 	1.5 
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CHAPTER 3 
MAGNETIC EXCITATIONS IN Pd 	Ni 0.75 	25 
3.1 	Introduction 
A comprehensive introduction to transition metal ferro-
magnetism has already, been given in Section 2.1 and the 
• present section is intended only as a supplement. Pd and 
Ni form a continuous solid solution at all concentrations 
- and the alloy is ferromagnetic over most of the range. 
Once again, the highly enhanced susceptibility of Pd plays 
an important part in determining the magnetic properties of 
the alloy. For 5% Ni in Pd, neutron scattering measure-
ments (Cable and Child 1970) show that the moment on each 
Ni atom is nlp
B'  whereas saturation magnetisation measure-
ments '(Sadron 1932; Crangle and Scott 1965; Fischer et al. 
1968) show that the totàl moment/Ni atom 
is25B•  The 
situation is therefore similar to 'that occurring in dilute 
Pd-Fe alloys (Section 2.1.1). 
One difference between Pd-Fe and Pd-Ni is that ferro-
magnetic ordering does not take place for very small amounts 
of Ni. Up to a critical 'concentration of 2.2% of Ni the 
alloy is paramagnetic. At higher concentrations each Ni 
atom develops a magnetic, moment and, simultaneously, the 
spins align and the alloy becomes ferromagnetic. Ferro-
magnetism and the formation of local moments in transition 
metal alloys has been discussed by many authors, notably 
Anderson (1961), Wolff (1961) and Kim (1970). 
In the dilute paramagnetic Pd-Ni system, measured 
MIMM 
properties such as the bulk susceptibility (Chouteau et al. 
1968), the electronic specific heat (Schindler and Mackliet 
1968) and the electronic resistivity (Schindler and Rice 
1967) all show dramatic behaviour as the percentage of Ni 
is raised towards and through the critical concentration. 
The theory of damped spin fluctuations (paramagnons, 
Section 2.1), modified to include the presence of par-
ticularly strongenhancement in the vicinity of each 
solute atom (Lederer and Mills 1968; Engelsberg et al. 
1968), leads to predictions which are in good agreement 
with the above measurements. 
Unfortunately, little attention has been focus èdon 
the theory of the concentrated alloy. The approach which 
seems most likely to be successful is that of Harris and 
Zuckerrnann (1972) who calculate the paramagnetic suscep-
tibility using the Coherent Potential Approximation 
(Soven 1967). At present, however, no adequate model is 
available to calculate the ferromagnetic susceptibility 
and the spin-wave frequencies. 
In Pd 0.75Ni025 the Pd atoms and the Ni atoms are 
randomly distributed at the lattice sites of a Face 
Centred Cubic (F.C.C.) structure. 	Reciprocal lattice 
points such as (0 0 1) and (1 1 0) are therefore 
absent. The magnetic moments on each Ni atom and each 
Pd atom in Pd 0.75Ni025 are respectively .71 and 
.14UB/atom (Cable and Child 1970) and the average moment 
is .31llB/atom. The Curie temperature is 387 K (Sadron 
1932) . 	 . 
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In  addition to providing useful information on the 
spin-wave stiffness of a relatively low concentration Ni 
alloy, the present work was undertaken to establish the 
effects of complete chemical disorder on the spin-wave 
dispersion relation. 
Section 3.3 presents measurements, at 4.4 K, of the 
dispersion relation up to a frequency of 13 Thz in the 
0 1] direction. The spin-wave propagates with a sur-
prisingly high stiffness of 77. 51hz-A 2 and large lifetime 
effects are observed at frequencies greater than 5 Thz. 
The measurements show no sign of an abrupt intensity decrease 
as observed in pure Ni (Mook et al. 1973). 
3.2 	Experiment 
The sample, a cylinder of diameter "1.5 cm and height 
"5 cm, was aligned with a 11 1 0 axis vertical and 
mounted in a low temperature cryostat. The experiment was 
performed on the T.A.C.S's CS and N5 at Chalk River Nuclear 
Laboratories. These instruments were operated in both 
constant-Q and constant-v modes (Section 1.3.2) with the 
scattered neutron frequency fixed at 7.25 Thz. In both 
spectrometers the (1 1 3) planes of a Si crystal were 
used as the monochromator and the (0 0 2) planes of a 
pyrolitic graphite crystal were used as the analyser. The 
horizontal and vertical collimations C 1 - C 4 for the 
instrument CS are given in Table 3.1. Also shown are the 
mosaic spreads of the monochromator,analyser and specimen 
FIGURE 3.1 A selection of constant-v scans for the spin-
wave in the o 0 iJ direction. The wavevector 
is expressed in units of (27/a). The intensities 
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crystals. The relatively large mosaic spread of the sample 
(1.50) broadens the component of resolution perpendicular 
to the scattering vector but does not alter the radial com-
ponent. Spin-waves were measured in both the Co o l and 
Cl 1 1:1 directions and scans were therefore performed in 
longitudinal positions around the (0 0 2) and (1 1 1) 
reciprocal lattice points. 
3.3 	Results 
Figure 3.1 shows some typical neutron distributions 
resulting from constant-v scans performed in the Co 0 1] 
direction and normalised to the same number of monitor 
counts. The steepness of the dispersion relation, combined 
with large intrinsic lifetime effects gave rise to neutron 
distributions in constant-Q scans which were several Thz 
wide even at small wavevectors. This technique was therefore 
found to be unfeasible for measuring the low intensity spin-
wave scattering observed in the present experiment and the 
work was restricted to constant-v scans. This is not com-
pletely satisfactory since, as mentioned in connection with 
the work on Pd 3Fe (Chapter 2),. the use of constant-v scans 
alone might lead to a misinterpretation of the results. In 
addition to the low intensity 	of the spin-wave, another 
point of experimental difficulty was the high background of 
incoherent scattering on top of which the spin-wave was 
superposed (Figure 3.1). The incoherent background arises 
both from the chemical disorder and the high incoherent 
FIGURE 3.2 The spin-wave dispersion relation at a tempera-
ture of 4.4 K. Measurements were made in the 
O 0 1] direction (dots) and the'[i 1 1 direction 
(open circles). The solid line shows the quadratic 
0 
2 	 2 curve v = Dq with D = 77.5 Thz-A. 
.1 
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scattering cross-section of Ni. 
The peak positions, corrected for the effects of instru-
mental resolution (Section 1.3.3A), are shown in the dis-
persion relation of Figure 3.2 for both the Co 0 ij and 
[i 1 i] directions. Selected peak positions and corrections 
are listed in Table 3.2. In all cases the corrections were 
found to be small (<10%) and were almost identical for work 
performed on the two different spectrometers. The dispersion 
relation is observed-to-be isotropic for the two directions 
studied and follows a quadratic relationship 
- 	 v 	= 
	
D q 2 
0 
with D =- 77.5 ± 6 Thz-A 2 for frequencies in the range 
3 - 8 Thz. Departures from quadratic behaviour become 
apparent above 8 Thz. During the present work both longi-
tudinal and transverse phonons were observed and the dis-
persion relations of these excitations were found to be in 
good agreement with those measured by Kamitakahara and 
Brockhouse (1972) in Pd 0.55'6.45- At frequencies less than 
3 Thz no measurement of the magnon was possible since the 
resolution of the experiment was insufficient for it to be 
separated from the longitudinal acoustic phonon. The maximum 
spin-wave frequency measured in the present experiment was 
13 Thz (which corresponds to a wavevector which is 30% of 
the zone boundary wavevector) and further work is necessary 
to extend the measurements to higher energies. 
Intrinsic excitation widths were deduced by subtracting 
the instrumental linewidth from the experimental linewidth 
in quadrature (Section 1.3.3B). Figure 3.3 shows a series 
of widths obtained in the manner for spin-waves propagating 
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in the to o ij direction. Table 3.3 presents some of the 
observed and calculated linewidths which were used to obtain 
the values shown in Figure 3.3. The excitation width develops 
quite rapidly at about 4.5 Thz and reaches its maximum value 
at about 6 Thz. Similar measurements in the rl 1 1] direc-
tion are complicated by the fact that the spin-wave and the 
phonon are not well separated. Roughly estimated widths, 
however, seem to be in agreement with those for the to 0 1 
direction. 
Table 3.4 gives the integrated intensities, of selected 
neutron distributions in the CO 0 1 direction. Since 
these were derived from constant-v scans, they should be 
corrected as explained in Section 1.3.2. To a good approxi-
mation, however, the dispersion relation is linear in the 
region 4 - 8 Thz and no correction is necessary. Table 3.4 
therefore gives a good estimate of the intensity of the 
excitation over this range. The intensity is roughly con- 
stant and no sudden decreases are observed. The large errors 
on both the intensities and the widths are the result of the 
weak spin-wave scattering and the high background of incoherent 
scattering. 
3.4 	Discussion and Conclusions 
One of the most interesting results is that Pd 0 0.75 0.25
has a large spin-wave stiffness, 77.5 Thz-A 2 , which is more 
0. 
than half that of pure Ni (0.64pB/atom,  D = 134 Thz-A 2 ) even 
though only one quarter of the lattice sites are occupied by 
Ni atoms. A simple localised spin model of the disordered 
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alloy (Hatherly et al. 1964) predicts that 
D 	= 	
2eff a2)S 
where J eff  is the averaged effective interatomic exchange; 
S is the average spin/atom; and a is the lattice para-
meter. On this basis, the interaction 	eff a 2 ) for 
Pd 
0.75'  Ni025 is as strong as the analogous quantity for 
pure Ni since the average moment in the alloy is roughly 
half that in Ni. This implies that the Pd-Ni and Pd-Pd 
interactions contribute significantly to the spin-wave 
stiffness. 
Comparison with the experiment on Pd 3 Fe (Chapter 2) 	 - 
is also interesting. In Pd 3Fe the Pd d band contributes 
its maximum moment of .36V /atom whereas in Pd 0 0.75 0.25 
the Pd band contributes less than half the maximum moment. 
The moment polarizing the Pd d band is five times greater 
in Pd3Fe than in Pd075Ni025 . 	Both these factors would 
be expected to lead to stiffer spin-waves in Pd 3Fe. In 
fact the opposite is. true and the spin-wave stiffness of 
Pd3Fe is only 706 of that in Pd0 75Ni025 . 
The random nature of the exchange interactions combined 
with the variation of spins from site to site would be ex-
pected to lead to intrinsic widths as observed in the 
experiment. Similar effects, however, can also arise in 
itinerant electron ferromagnets via the interaction of the 
spin-waves with the Stoner modes (Section 2.1). From the 
present measurements there is no way of telling which effect 
is more important and there is little relevant material with 
which direct comparisons can be made. Pd0 75Ni025 raises 
-75- 
several interesting problems about the nature of the inter-
actions in a disordered, itinerant electron ferromagnet. It 
is hoped that a model capable of resolving these points will 
soon be forthcoming. 
-76-- 
TABLE 3.1 
The horizontal and vertical collimations and mosaic 
spreads of the crystals used on N5. 
Cl C 2 C 3 C 4 
(FwHM degrees) 
Horizontal 	.63 .56 .70 3.05 
Vertical 	1.17 2.34 5.45 11.0 
Mosaic spreads (FWHM, degrees) and lattice 
0 
spacings (A) 
Monochromator Analyser Specimen 
Mosaic 	 .30 	 .40 	1.5 
Lattice Spacing 	 1.637 	 3.354 	3.807 
Instrumenlal Configurajions 
N5 	 C5 
X2 	 x 
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TABLE 3.2 
Selected frequencies (v) , measured wavevectors (q) , cor-
rected wavevectors (q') and errors (Aq) for spin-waves in 
the Co 0 i] and [1 i,i] directions. 
Cool] i•ii] 







A o_i A 
0_1 
A 
3.0 .182 .20 ±.Oi .154 ..185 
3.5 .183 .205 .203 .23 
4.0 .205 .225 .209 .235 
4.5 .210 .23 .232 .255 
5.0 .238 .255 .240 .265 
6.0 .281 .295 ±.02 .260 .275 
7.0 .290 .305 .272 .285 
8.0 .348 .365 
9.0 .356 .375 
11.0 .38 .395 ±.03 








The 	observed, calculated and intrinsic linewidths of 
the spin-wave in the 	CO 0 13. direction. 
V Observed Resolution Intrinsic 
Width Width Width 
(FWHM) (FWHM) (FWHM) 
Thz 
0 0_1 
A .A A 
3.0 .115 	± .01 .12 	± .01 0 	± .02 
3.5 .105 .10 0 
-4.0 .10 	.02 .105 0 	i 	.03 
4..5 .115 	- .11 .037 
5.0 .20 .12 .157 
6.0 .28 	± .03 .135 .246 	±.04 
7.0 	- .25 .14 	±.015 .205 
9.0 .25 .16 .191 
11.0 .215 	± .04 .16 .144 	±.05 
13.0 .20 .16 .12 
- 	-79- 
TABLE 3.4 
The integrated intensity of the spin-wave extracted from 
constant-v scans in the CO 0 1 direction. These results 
have not.-been corrected as described in Section 1.3.2. 
V 	 Intensity 
Thz 	 (Arbitrary Units) 
3 51±,l0 
3.5 36 
• 	 4.0 40 
4.5 34 




11.0 28 ± 20 
- 	
• 	 13.0 27 
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CHAPTER 4 
ROTON-ROTON INTERACTIONS AND EXCITATIONS IN SUPERFLUID 
HELIUM AT LARGE WAVEVECTORS 
4.1 	Introduction 
.4 He liquefies at a temperature of 4.2 K and at 2.17 K 
it undergoes the X transition below which it displays 
superfluidity. This phenomenon has made it a subject of 
great interest :to experimenters and theoreticians alike. 
- ' Landau (1941, 19'47)postulated that many of the macro-'. 
scopic properties of the superfluid could be explained in 
terms of weakly interacting excitations which became known 
as phonons and rotons. Cohen and Feynman (1957) suggested 
that these would be observable in a neutron inelastic 
scattering experiment. Work of this type was first performed 
by Palevsky et al. (1957) who confirmed, the existence of well 
defined excitations in the superfluid. Most of the important 
features of the dispersion relation of these excitations at 
low temperatures ("-'1.1 K),. were measured by Yarnel et al. 
(1959), . Henshaw and Woods (1961) and Cowley and Woods (1971) 
using similar experimental methods. 
To summarize the work mentioned 'above, reference to 
Equation 1.3 shows.that the coherent neutron scattering cross-
section is simply related to S(Q, v). The scattering at low 
temperatures is found to occur in two parts; scattering from 
well defined excitations., the' so called one-phonon, and at 
higher frequencies, scattering from a much broader component, 
Figure 4.1 
The measured one-phbnon dispersion relation at 1 atm and 
1.1 K (solid line; Cowley and Woods 1971). Also shown are the 
dispersion relations calculated by Feynman (1954) and by 
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the so called multi-phonon. The terminology is by analogy 
with the scattering from crystals as described in Section 
1.2.1A, and is not meant to be rigorous. The procedure des-
cribed there is not possible for a liquid since there are 
no equilibrium lattice sites about which such an expansion 
can be made.. S(Q, v) can be expressed in the form: 
= 	Z(Q) S(v - v(Q)) + S 	(4.1) 
where v(Q) describes the dispersion relation of. the one-
phonon process,. Z(Q) is its intensity and S  
the multi-phonon. 
The one-phonon part, the subject of the present study', 
has a linear dispersion relation at small Q with a slope 
equal to the speed of sound in 4He. These small Q excita-
tions are the phonons postulated by Landau. To avoid con-
fusion the name phonon will be applied to the low Q excita-
tions only, and the name one-phonon will be used to describe 
0 1 
the whole dispersion relation. 	At Q  nu 1.1 A there is a 
maximum and at Q  nu 1.9 •A a minimum, the roton minimum. 
At larger wavevectors the dispersion relation bends over at 
a frequency approximately equal to 2A, where A is the fre-
quency of the roton minimum, loses intensity rapidly and be- 
0 1 
comes impossible to observe beyond .Q " 3.5 A 	These 
features are illustrated by the solid line in Fig. 4.1. As 
Q increases, the multi-phonon part approaches 
22 
the free particle dispersion relation, 	hvFp(Q) = 2M ' 
where M is the mass of the 4 H atom. 	Figure 4.2 shows a 
neutron distribution at Q = 2.9 A 	and at a pressure of 
24.3 atm. This clearly illustrates the difference between the 
-85- 
one-phonon and the multi-phonon contributions to S(Q,v). 
It is to be understood in what has been said above and 
in what follows that the one-phonon excitations are only 
well defined for temperatures low compared with 2.17 K. In 
the vicinity of the transition they have a definite intrinsic 
linewidth and cannot be described by a (S function like 
dispersion relation. 
While neutron scattering provides detailed information 
over .a wide range of energies and wavevectors, various other 
techniques have been used to study the 4He excitations. 
X—ray scatteringhas been used to measure S(Q), where 
5(Q) 	= J S(Q,v) dv 
	
(4.2) 
Ultrasonic attenuation measuremetits have given valuable in-
formation on phonon-phonon interactions and, of most relevance 
to the present work, Raman scattering measurements have shown 
the existence of a two-roton bound state (Greytak et al. 1970, 
Murray et al. 1975). Neutron techniques and the others des-
cribed above are comprehensively discussed in the review 
article by Woods and Cowley (1973). 
Since the one-phonon - dispersion relation is isotropic 
and therefore considerably simpler than the dispersion rela-
tions existing in solids, a large amount of interest has been 
concentrated on the theoretical description of the interactions 
between the excitations. There are two main approaches to the 
theory of 4He. 	One, based on the formulation of Landau and 
Khalatnikov (1949) and developed by the authors mentioned 
below, is a phenomenological descriptiOn in terms of excitations 
-86- 
of the system. It is commonly called the quantum hydro- 
dynamical model. The other is more microscopic and attempts 
to treatthe system in terms of interatomic potentials be-. 
• 
	
	tween 4 H atoms-(e.g. Woods and Cowley, 1973). Since the 
latter approach is complicated by the need for relevant 
• V approximations and has not had as much success as the 
• 	phenomenological model, it willnot be discussed further. 
• 	 Feynman (1954) attempted to put the work of Landau and 
• Khalatnikov (1949) on a firmer theoretical basis. He postu- 	
V 
lated that the wavefunction, 	IQ>, for a single excitation 
• with wavevector Q should be of the form 
IQ> = (S (Q) 
2 	
V and deduced from it an 
excitation energy given by 
E (Q) 	= 	h 	•(Q) 	= 
1~  2Q2 
. 	 V 	(4.3) F F 2MS(Q) 
In these expressions p Is the ground state wavefunction, 
S(Q) is the structure factor defined in Equation (4.2), and 
p(Q) is the density operator given by 
• p(Q) = 	E exp(-i Q•R2 ). 	The Feynman approach is equi- 
valent to defining a Hamiltonian in terms of creation and 
V 	
annihilation operators for the excitations and neglecting 
interactions between them, i.e. 	•• • 	 V 
V 	
H 	= 	E0 . + E EF(Q) A AQ . 	 (4.4) 
+ E0 is the ground state energy and AQ and AQ are res-
pectively creation and. annihilation operators for an excitation 
-87- 
with wavevector Q. . These are directly expressible in terms 
of the particle density operator and the Hamiltonian can be 
regarded as a phenomenological expansion in terms of this 
operator. The. Feynman excitation frequency is shown by the 
dashed line in Fig. 4.1 and, as can be seen, it does not give 
a good description of the one-phonon dispersion relation, 
especially at large Q. 	Feynman and Cohen (1956) and 
Jackson and Feenberg (1961, 1962) extended the Hamiltonian 
to higher orders in an attempt to account for interactions 
between , the excitations and to renormalise the EF(Q) given 
above. The results of Jackson and Feenberg (1962) are also 
shown in Figure 4.1 (chain line) and, although the agreement 
is much better than that obtained using the Feynman expression, 
there are still significant differences between the expert-
ment and the theory especially at large Q. 
This part of the dispersion relation was first discussed 
by Pitaevskii (1959) who'. considered the possibility that one 
excitation might decay into, two. Provided that its frequency 
was equal to or greater than 2A, Pitaevskii (1959) proved 
that an excitation could conserve energy and momentum by de-
caying into two rotons. The decay process introduces a loga-
rithmic singularity in the non-interacting twô-roton density 
of states at a frequency equal to 2A, and the calculated 
dispersion relation approaches this value exponentially. 
Pitaevskii considered roton-roton interactions in his develop-. 
ment but he did not include them in his final result. At these 
wavevectors his 'prediction is in much better agreement with 
the measured dispersion relation than are the calculations of 
Jackson and Feenberg (1962). 
Ruvalds and Zawadowski (1970), and Zawadowski et al. 
(1972) explicitly considered the effect of roton-roton inter-
actions on the decay process. They found that an - attractive 
(-ye) interaction resulted. in a two-roton bound state, binding 
energy Eb, and that the dispersion relation would then 
approach the energy 2A - Eb. As mentioned previously,the 
existence of a two-roton bound state has been confirmed by 
Raman scattering measurements (Greytak et al. 1970). 
Both Pitaevskii (1959) and Zawadowski et al. (1972) cal-
culated that the one-phonon dispersion relation could not. 
exceed 2A for large wavevectors. While this was in reason-
able agreement. with earlier experiments, the work of Cowley 
and Woods (1971) suggested that at waveectors >2:9 A 	the 
excitation frequency did exceed 2L. 	Since the roton fre- 
quency decreases with increasing applied pressure (Dietrich 
et al. 1972), the effect, almost certainly, would be pressure 
dependent. 
Similarly, the results of Graf et al. (1974) at 
0 _i 
Q = 1.1 A 	clearly showed that the- one-phonon frequency 
was greater than 2A for pressures in excess of 19 atm. 
Since an excitation with this wavevector can conserve energy 
and momentum by decaying into two rotons, the Pitaevskii 
(1959) argument should also apply to these results and evident-
1y requires modification. 
The aim of the.present experiment was to determine the 
0 1 
excitation frequency at wavevectors greater than 2.9 A and 
at elevated pressure. Section 4.2 presents measurements which 
show that at pressures of 15 atm and 24.3 atm the excitation 
frequency is indeed greater than 2A at large Q. . A 
MM 
theoretical interpretation using the model of Zawadowski 
et al. (1974) shows that the present measurements and those 
of Graf et al. (1974) are understandable if roton-roton 
interactions are repulsive (+ve). Estimates of the magni-
tude of the interaction are obtained in Section 4.3 by 
fitting the model to the experimental results using a 
least squares method. 
4.2 	The Experiment 
The 4 H sample was placed in a cryostat. in which the 
4He bath could be pumped down to 1.1,K. To minimise multiple 
scattering the specimen cassette contained a number of thin, 
cadmium coated, steel plates parallel to each other and 
parallel to the spectrometer plane. A 4He gas cylinder was 
used to apply pressure to the sample and the maximum necessary 
Was about 25 atm at 1.1 K. At this temperature the liquid 
solidifies at any higher pressure. The present work was per-
formed at pressures of 24.3 ± .3, 15.0 ± .3 and, 1.4 ± .3 
atm. 
The cryostat was mounted on L3, ' a T.A.C.S. at Chalk 
River Nuclear Laboratories. Using a Si monochromator, a 
pyrolitic graphite analyser and a fixed final neutron fre-
quency (v') of 2.7 Thz, constant Q scans were performed 
0 _i 	0 _l 
with wavevector transfers between 2.7 A and 3.5 A 
15 cm thicknesses of quartz were inserted before and after 
the monochromator in order to deàrease.the number of faster 
F.iqures 4.3, 4.4 and 4.5 
Scattered neutron distributions after background sub-
traction for pressures of 24.3, 15.0 and 1.4 atm. respectively. 
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than thermal neutrons incident on the sample (see Section 
1.3.4).. 	The resolution of the instrument with a Vanadium 
incoherent scatterer in the sample position was 0.06 Thz at 
FWHM. 
At most of the wavevectors studied ,identical scans were 
performed with the specimen cassette full and empty. This 
provided a background which was smoothed and subtracted from 
each neutron distribution. Figures 4.3 - 4.5 show distribu-
tions obtained in this manner at the three different pressures. 
At each pressure E was also measured and the values are in 
good agreement with the earlier work of Dietrich et-al. 	. - - -- 
(1972). At the higher pressures the peaks are asymmetric and 
occur at frequencies larger than 2A, whereas at 1.4 atm 
they occur at 2A within the errors of the experiment. At 
all pressures the intensity decreases rapidly with increasing 
wavevector. 
Figure 4.2 shows that the one-phonon and multi-phonon 
0 .i 
distributions are quite distinct at 2.9 A . This is cer- 
0 1 
tainly not true at a wavevector of 2.7 A 	(Figure 4.3). 
where a large part of the shape of the distribution arises 
from overlap between the two. 	 . 
Some measurements were also performed at wavevectors 
0 _l 	0 _i 
between 1.2 A and 2.9 A with 	v' = 1.214 Thz and 
slightly better resolution (FWHM = 0.04 Thz). In this part 
of the experiment a Be filter was inserted in front of 
the analyser (see Section 1.3.4). The dispersion curve at-
24.3 atm pressure is shown, in Figure 4.6 and it combines 
these results with the peak positions derived, from Figure 
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4.3. Previous measurements of parts of the dispersion 
relation (Henshaw and Woods 1961, Dietrich et al. 1972, 
Woods et al. 1973, Graf et al. 1974) , are in good agreement 
with the results shown in Figure 4.6. The peak positions 
0 _i 	0 _i 
for wavevectors between 1.2 A and 2.9 A are given in 
Table 4.1. 
The asymmetry of the distributions shown in Figures 
4.3 - 4.5,especiaily at the higher pressures, made 
some approximationsnecessary before reliable frequencies 
could be extracted for the excitations. It was assumed 
that each scan could be described by a Gaussian peak on 
a background of constant slope. Table 4.2 gives the 
frequencies and widths obtained on the basis of this 
assumption. The results show that the peak positions 
are larger than 2A at 24.3 atm and at 15.0 atm, and 
that the width tends to increase with increasing wave-
vector. These results and those with the higher 
resolution show no abrupt discontinuity in the width of 
the neutron distributions as the frequency exceeds 2A. 
The width increases smoothly with increasing wavevector. 
In many of the distributions there is some evidence 
for the presence of a peak in the scattering at a frequency 
of about 3t1. 	Repetition of the scan, to improve the 
counting statistics on each point, failed to establish the 
existence of such a peak unambiguously. In general it was 
assimilated bytheasymmetry on the high frequencyside of 
the one-phonon peak. This effect was ignored in the work 
which follows. 	 . 	 . 
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4.3 	Analysis of the Results 
4.3.1 	Model 
Wj 
In order to interpret the distributions in Figures 
4.3 - 4.5, use has been made of the model of Zawadowski 
et al. (1972). This model is an extension of that for- 
mulated by Pitaevskii (1959) with roton-roton interactions 
included explicitly. Here, as in the Pitaevskii model, 
the main assumption is that the shape of the one-phonon 
dispersion relation at large Q is dominated by the 
decay of one excitation into two rotons. Instead of for-
mulating the problem in terms of the microscopic theory 
of 4He, as Zawadowski et al. claim to have done, it is 
preferable (Griffin 1972) to adopt the formalism of the 
quantum hydrodynamical model. The Hamiltonian is then 
written as a phenomenological expansion in terms of 
creation and annihilation operators for the excitations 
of the system, 
H = E + E E A+  A + E V (p, _q) A+ A+ A a 
	
o 	 3-- q 	a a 	q 
+!E 	V(pqr)A+A+ A A 	+c.c. 2 	4 - - - D C-D r a-r pqr 
-. - - 
+ . . . . 	 (4.5) 
In this expression E 0 is the ground state energy, 
E 	is the energy of the non-interacting excitations, and 
V3(E,a) and V4(2,,r) describe interactions between three 
-93- 
and four excitations respectively. As can' be seen, this 
represents, an extension of the Feynman (1954) approach, and 
the Hamiltonian is similar to that used by Jackson and 
Feenberg (1961) and by Sun akawa et al. (1969). 'For the 
present case 2 and 	in the third order term are 
roton wavevectors and in the fourth order term all the 
wavevectors are roton wavevectors. Calling the coefficients 
V 	and V4 gives S(Q,v) as, 
• 	• 	S(Q,v) 	- !im [ 	
1 	1 	(4.6) Tr 
LEQ - hv +E (Qv)j 
where EQ ' = E 	and 	(Q,v) has been 'derived by Zawadowski 
et al. as  
2 V3 2 F(Q,v) 	' 
= 	' 	 ' 	' (4.7) 
1 . 	V F(Q,v)  
and 
Re [F(Q,)] 	=Zn 	
Iv 
D 	' 	• ' ' 




if •,' 	\) 	>. 2A 
In these expressions A and D are constants and 6 - +0. 
More detailed expressions for F(Q,v) are available in the 
original publication. In the special case V 4 0, the 
logarithmic singularity in Re D(Q,v)l 	implies that for 
Figure 4.7 
Calculated distributions using the model of Zawadowski 
et al. (1972) for small width, T, (solid line), and for r 
comparable to the widths observed in the experiment (dashed line). 
All parameters have been kept constant except V 4 . As V4 is in-
creased the frequency of the peak exceeds 2A and it develops 
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all E 	there exists a pole in S(Q,v), and that as 
EQ ~ co , v -' 2A. 	This is the argument which led Pitaevskii 
(1959) to state that the one-phonon process -should have a 
maximum frequency of 2t. 
Figure 4.7 shows several evaluations of S(Q,v) for a 
set of parameters similar to those derived frOm the work des-
cribed in Section 4.3.2. 	These have been held constant with 
the exception of V4 . 	For very small roton width (solid. 
line) and negative V4 the one-phonon peak is well defined 
and occurs at frequencies less than 2L\. 	As V4 is in- 
creased the one-phonon peak is pushed into the continuum, 
its frequency exceeds 2A and it develops an intrinsic width. 
For large V4 this peak reaches a maximum frequency of 
approximately 2.6A. 	While this is happening at the low 
frequency end of the continuum, a peak emerges from the 
high frequency end. The model, however, is only valid for 
frequencies close to 2A and this feature is spurious. The 
effect of adding an intrinsic width, r (Zawadowski et al. 
1972), is to broaden the one-phonon peak in the region 
v < 2t. For v > 2L 	the peak already has an intrinsic 
width and this is almost independent of r. . These features 
are illustrated in the dashed line of Figure 4.7. This has 
been calculated for a width which is approximately equal to 
that observed experimentally at large wavevectors. It can 
also be seen that the inclusion of r causes a slight shift in 
the peak position. This effect cannot immediately be disre-
garded as irrelevant, since a peak occurring at a frequency 
less than 2t might appear at a frequency greater than 2A .  
when a width is added. For realistic values of the parameters, 
however, this shift is not large enough to explain the peak 
Figure 4.8 
0 1 
The results of Graf et al. (1974) for Q = 1.1 A 
The solid lines show fits using the theory of Zawadowski et 
al. (1972). 
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Figure. 4.9 
The parametersof the fits shown in Figures 4.4, 4.5, 
4.6 and 4.8. These are compared with the values of V 3 and V4 
calculated from the expressions of Lee (1967), and the value of 
(= 	) calculated by Feynman (1954). Where confusion might 
result error bars have been shown only on the values derived 
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positions of the measurements at 24.3 atm and 15.0 atm. A 
repulsive V4 interaction is required. 
4.3.2 	Fitting Procedure 
Since there, are no reliable, estimates of EQI V3 and V41 
a least squares fitting procedure was used to obtain these 
parameters from the experimental results. In addition to these 
three parameters, two others are required; a width r, -and 
a scaling factor. Initially a series of fits was performed 
on the distributions shown in Figures (4.3 - 4.5) in order to 
determine the scaling factor. This was then fixed, for all 
pressures-and wavevectors, at a value averaged over all the 
fits. 	r was fixed at a value approximately equal to the 
'intrinsic width observed in the experiment. This is a justi-
fiable procedure since Figure 4.7 shows that at frequencies 
greater than 2t the width of the peak in S(Q, v) is not 
sensitively dependent on r. 	The remaining parameters were 
then varied and the results of the least squares fitting are 
shown by the solid lines in Figures (4.3 - 4.5). 
Figure 4.8 shows fits to the measurements of Graf et al.. 
0 1 
(1974) at Q = 1.1 A , and at three different pressures. 
These were calculated in a manner similar to that described 
above, 1 but a new scaling .factor was calculated and r was 
also allowed to vary. No fit was found possible at 15.0 atm. 
The parameters derived from the fitting procedure are 
shown in Figure 4.9 and, where confusion might result, errors 
sum 
are given only on the results of the 25 atm measurements. 
• They are similar at the other pressures. The errors result 
largely from the high degree of correlation between the para-
meters and have been calculated from a series of least. squares 
fits with parameters fixed and varied in different combina-
tions. Figure 4.9 and Table 4.3 show that for large wave-
vectors the interaction is repulsive at all three pressures. 
0 _l . 
For Q = 1.1 A 	it is repulsive at high pressure but 
attractive at low pressure. The magnitude of the roton-
roton interaction is comparable with that estimated by 
03 
Khalatnikov (1965) from viscosity measurements (''3 Thz -A ). 
Lee ( .1967) has given expressions for V 3 and V4 cal-
culated on the basis of the Jackson and Feenberg (1961) model. 
For the special case considered here, these reduce to 
- 	Ii 2 Q 2 V3 . 	- . 	(l-S) 
2M(NS(Q)) 
(4.8) 
where SR  is the structure factor (Equation 4.2) for the 
wavevector corresponding to the roton minimum, and V4 is 
the average over the angle 0 given by 
2 
V4 ( 0 ) 	= 	hO 	[(1 + 4Q12 cosO)s(p) - S(Q) (-2 
+ S(Q) + 2S(P))] 
	
(4.9) 
where 	Q1. =(Q 	- ( Q ) 2 ) ½ 
and 	p 	= 	Q'(2 - 2 cos O)½ 
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These expressions have been evaluated at 25 atm and at 
1 atm using the structure factors measured by Cowley and 
Woods (1971) and Henshaw (1960), respectively. At the higher 
pressure V4 is slightly more negative and 1V31  is larger.. 
Averaged values of these quantities are shown by the solid 
lines in Figure 4.9. Also shown in Figure 4.9 is the Feynman 
expression for the non-interacting excitation energy .(Equation 
4.3). Although the agreement between the calculated poten-
tials and those derived from the experiment is not gopd, these 
quantities are at least of the same order of magnitude. The 




approximations-to the parameters of the phenomenological 
Hamiltonian of -Jackson and Feenberg (1961). There are many 
higher order terms which will contribute to the renormalisation 
of these parameters and, therefore, the comparison shown in 
Figure 4.9 seems reasonable. 
4.4 	Discussion and Conclusions 
Neutron Scattering measurements have been used to study 
the one-phonon dispersion relation at pressures up to 25 atm, 
O_l 
and for. wavevectors up to 3.5 A . 	The results show that 
the excitation frequency exceeds 2A and this is interpreted 
as evidence for repulsive roton-roton interactions at large 
wavevectors. A similar analysis of the results of Graf et al. 
0 1 
(1974) for Q = 1.1A 	also leads to the conclusion that 
roton-roton interactions are repulsive, but in this case, 
possibly only at elevated pressure.  
Raman scattering measurements, on the other hand, 
clearly show the presence of a two-roton bound state with 
binding energy •0045 Thz (Murray et al. 1975). This is not 
in contradiction to the present work since Raman scattering 
measurements give the interaction between roton pairs with 
zero wavevector and of d wave sumrnetry (Stephen 1969), 
while the present measurements are in relation to roton 
0 1 
pairs with wavevectors between 2.7 and 3.5 A . In addition, 
Woerner 'and Stephen (1975) find that a large part of the 
attractive roton-roton interaction, as measured by Raman 
spectroscopy, comes from roton-phonon exchange, a mechanism 
which cannot occur at the wavevectors examined in the present 
experiment. 
A more detailed and realistic model has recently been 
proposed by Götze and'Lücke (1976). Since it is relevant to 
the present work,it will be considered briefly. Using a self 
consistent. procedure they calculate the contributions to 
S(Q,v) arising from both the one-phonon and multi-phonon 
0 1 
processes at all wavevectors. For Q " 3 A 	they predict 
that there will be a peak in the multi-phonon.structure at a 
frequency of approximately 2.2A. , At this wavevector the 'one-
phonon process occurs very close to 2t. 	The finite resolution 
of a neutron scattering experiment would not be sufficient to 
resolve these two processes and the resulting single peak 
might therefore appear at a frequency greater than 2Lx. This 
structure in the multi-phonon arises from a process in which 
one excitation decays into a roton and an, excitation at the 
0 _i 
maximum in the dispersion curve (0 n. 1.1 A ' ). Although the 
dispersion relation of Götze and Lücke (1976) is quali-
tatively - correct, the frequency at the maximum is 	1.25A, 
whereas in the real dispersion relation it is ,. ' 2A. 	In 
the experimentally measured dispersion relation ,this decay 
process would result in a peak at a frequency of 3A. It 
• 	would be resolvable from.the one-phonon peak in the éxperi- 
ment described here and it is possible that this effect• 
was observed (Section. 4.2). 	. S 	 • 	 . 
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TABLE 4.1 
Peak positions on the 4He dispersion relation 
at 24.3 atm and .1.1 K. These results were obtained 
with higher resolution than thosein Table 4.2. 
Wavevectór Frequency (Thz) 
1.20 .310 ± 	.008 
• 	1.40 .295 
1.50 .278 
• 	 1.60 .255 	 -: 
1.70 	
0 
.235 ± 	.007 
- 
1.90 .175 	• 
1.95 • 	 .163 
2.00 .153 ± 	.004 




0 	 00 
2.15 - . .155 ± 	.004 
2.20 .173 
2.30 .225 	• 
2.40 .25 
• 	 2.50 .278 ±. .006 
2.60. .291 
• 	 2.70 . 	 .304 
2.90 .312 ± 	.01 
Table 4.2 
Parameters of the fits of a Gaussian + slopin 	background to the 
measurements at wavevectors greater than 2.7 A 
Pressure Roton Frequency Wavevector Peak Width 
A Q v(Q) FWHM 
atm Thz 
0_1
A Thz Thz 
24.3 .148 ± 	.004 2.7 .317 ± 	.005 0.092 ± 	.01 
24.3 . 2.9 .330 ± 	.007 0.10 	±'.O1 
24.3 3.1 .328 ± 	.010 0.11 	± 	.01 
24.3 . 3.3 .319 ± 	.010 0.126 ± 	.01 
15.0 .159 ± 	.004 2.7 .328 ± 	.005 0.08 	± 	.01 
15.0 2.9 .340 .006 0.114 ± 	.02 
15.0 3.1 .340 ± 	.01 0.08 	± 	.02 
1.4 .177 ± 	.004 2.7 .356 ± 	.01 0.06 	± 	.02 
1.4 2.9 .36 ± 	.01 0.09 	± 	.02 
1.4 3.1 .38 ± 	.015 0.10 	± 	.02 
1.4 3.3 .37 ± 	.015 0.12 	± 	.02 
v(Q) - 2A 
Thz 
.021 ± .01 
.034 ± .01 
.032 ± .015 
.023 ± .015 
•.010± •01  
.022 ± .01 
.022 ± .015 
.002 ± .015 
.006 ± .015 
.026 ± .02 
.016 ± .02 
Table 4.3' 
The parameters of the least squares fit to the measure- 
ments shown in Figures 4.3, 4.4, 4.5' and. 4 . 8 
Pressure Wavevector E /h- v 3 /h v 4 /h r Scaling 
3 . 	 . 	 . Factor 
atm 
0_1 	. 
A Thz •Thz - 
0' 
A 
. 	 03 
Thz - A Thz 
24.3 2.7 .40 .38 . 	 - 	 .001 .04 20.3 
24.3 	. 2.9 .59 .81 2.71 .04 20.3 
24.3 3.1 	' .76 . 	 1.05 . 	 2.97 	. 	. .04 20.3 
24.3 . 	 3.3 .96 1.53 4.94 . . 	 .04 	. .20.3 
15.0 2.7 .49 . 	 .64 . 	 3.08 ' 	 .045 20.3 
15.0 2.9 .65 .99 . 3.97 	. . 	 . .045 20.3 
15.0 3.1 .86 . 	 1.30 4.9,8 .045 	. 20.3 
1.4 2.7 .57 .78 2.83. ' 	 .05 	' 20.3 
1.4 2.9 .73 . 	 . 	 1.05 . 	 3.22 .05 20.3 
1.4 3.1' . 	 . 	 .89 	, 1.20 3.1 	. ' 	 .05 20.3 
1.4 	' 3.3 1.07 1.80 6.4 .05 '20.3 
24.04 . 	 1.1 .50 .55 2.36 .02 3.28 
19.60 1.1' . 	 .59 . 	 .55 2.37 .02 3.28 
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